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PREFACE. 



By F. L. Ransome. 



The enormous importance of bacteria in all 
that pertains to the nutrition and well-being 
of animals and of the higher plants is to-day 
a matter of wide recognition, even by those 
whose knowledge of the part played by these 
minute and wonderful organisms is far from 
exact. The investigations of Pasteur opened 
our eyes to their deadly power in disease iind 
their enormous efficiency in processes of fermen- 
tation and decay. Eealization of the influence 
of bacteria in affecting the character and fer- 
tility of soils, in bringing about rock decay, and 
in producing other geologic results has come 
more slowly. 

It has been known, however, since 1836 that 
certain bacteria have the power of withdraw- 
ing iron from solution and causing its precipi- 
tation as ferric hydroxide. The precipitation 
of iron sulphide by bacterial processes has also 
been known for some time. The geologic ap- 
plications of these discoveries, though pre- 
dicted by some to be far-reaching, have been 
rather slowly made, and it is safe to say that 
many geologists have paid little attention to 
the possible extent of bacterial action in the 
deposition of iron ores. Lately, in connection 
with the studies in the geology of the Coastal 
Plain, now in progress under the direction of 
T. W. Vaughan, the part played by bacteria in 
the deposition of limestones has been specially 
investigated and found to be important. Simi- 
larly when Mr. Harder, who has devoted par- 
ticular attention for some years to the occur- 
rence of iron ores both in the United States 
and abroad, was detailed to study the Cuyuna 
Eange, Minn., he found an opportunity in 
the laboratories of the University of Wiscon- 
sin to pursue investigations on the iron-depos- 
iting bacteria. The report here presented 
records the results of this research. 

Opinions have differed as to the mode 
whereby the bacteria withdraw iron from solu- 
tion. Some investigators have maintained that 



the deposition of iron hydroxide is one of the 
vital processes of the organism and as such is 
effected directly by the action of the living 
cell; others that the precipitation is purely 
chemical and is incidental rather than essen- 
tial to bacterial life; and still others that the 
accumulation is mechanical, particles of iron 
hydroxide present in the water being caught 
and held by mucilaginous parts of the bacteria. 

In the course of his work Mr. Harder has 
found that in addition to the iron-depositing 
bacteria proper, chiefly the higher or thread 
bacteria, probably many of the common bac- 
teria of soil and water are active in the precipi- 
tation of ferric hydroxide or basic ferric salts 
from solutions containing iron salts of organic 
acids. This result is believed to be new. Such 
bacteria apparently utilize some constituent of 
the salt other than iron, the iron hydroxide 
being left as a waste product. 

Mr. Harder concludes that, according to 
present knowledge, there are three principal 
groups of iron-depositing bacteria — (1) those 
that precipitate ferric hydroxide from solu- 
tions of ferrous bicarbonate, using the carbon 
dioxide set free and the available energy of the 
reaction for their life processes; (2) those 
that do not require ferrous bicarbonate for 
their vital processes but that cause the depo- 
sition of ferric hydroxide when either inor- 
ganic or organic iron salts are present; and (3) 
those that attack iron salts of organic acids, 
using the organic acid radicle as food and leav- 
ing ferric hydroxide, or basic ferric salts that 
gradually change to ferric hydroxide. 

In addition to recording much that is new 
concerning iron-depositing bacteria, Mr. Har- 
der's report constitutes a valuable critical sum- 
mary of previous work and should serve a use- 
ful purpose in bringing before geologists a di- 
gest of practically all that is known on the sub- 
ject, supplemented by a carefully prepared 
bibliography. 
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IRON-DEPOSITING BACTERIA AND THEIR GEOLOGIC RELATIONS. 



By Edmund Cecil Harder. 



INTRODUCTION. 

As early as 1836 it was found by Ehrenberg 
that organisms play an important part in the 
formation of ocherous deposits of bog iron ore. 
Since that time these organisms have been 
studied by various investigators, who have de- 
termined their position in the classification of 
lower plant forms, have investigated the life 
histories of some of them, and have studied 
their morphology and their physiologic proc- 
esses. Nearly all of this work, however, has 
been done from the standpoint of the biologist, 
and the geologic significance has received only 
minor consideration. 

For a number of years I have been engaged 
in a study of iron ores in different parts of the 
world and have paid special attention to the 
mode of origin of these deposits. I have been 
impressed with the difficulty of explaining the 
accumulation of large masses of ferric oxide 
by simple chemical processes. Certain iron- 
ore deposits, such as limestone-contact ores, 
ores formed by magmatic segregation, and 
some types of veins undoubtedly owe their 
origin to igneous agencies, but there are other 
deposits of enormous extent, such as sedimen- 
tary ores, bog ores, and deposits formed by sur- 
face concentration, which have no igneous as- 
sociations and the origin of which has usually 
been attributed to simple oxidation and precip- 
itation from solutions containing ferrous iron. 
It is with reference to the last class that I have 
endeavored to find a more efficient agent of pre- 
cipitation under all conditions and have taken 
up the study of the organisms which precipi- 
tate iron oxide. 

In order to pursue this investigation intelli- 
gently, it was of course necessary to study the 



organisms both in the laboratory and in the 
field. It was necessary to show the widespread 
occurrence of the organisms, as well as to prove 
their effectiveness in precipitating ferric hy- 
droxide from solution. 

In the field work many iron springs, bogs, 
mines, and streams were examined for the 
presence of deposits of ferric hydroxide, and 
when found samples were taken to the labora- 
tory and examined microscopically and some 
of them chemically. The morphology of the 
organisms was studied and laboratory cultures 
were made from them in attempts to study the 
physiology. Many different iron compounds 
were used in the laboratory work, organic as 
well as inorganic, and the activity of the organ- 
isms in precipitating ferric hydroxide from 
each compound was studied. 

In general it was found that iron-precipitat- 
ing organisms were present wherever iron- 
bearing waters occur, both underground in 
wells and mines and in surface waters. It was 
found that the ocherous scums which occur in 
such localities consisted mainly and in many 
places entirely of iron-precipitating organisms 
or their remains. These were found to belong 
chiefly to the class of organisms known as 
thread bacteria. 

It was determined also that solutions of 
certain iron compounds, when inoculated with 
almost any type of natural water or of soil, 
showed a precipitation of ferric hydroxide by 
certain types of lower bacteria, thus indicat- 
ing the almost universal presence in nature of 
organisms capable of precipitating iron from 
solution. 

ACKNOWLEDGMENTS. 

The investigations on which this report is 
based were made largely in the bacteriologic 
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laboratory of the Agricultural Experiment 
Station of the University of Wisconsin. Many 
helpful suggestions, as well as material aid, 
were given me by members of the bacteriologic 
staff of the university. I wish, however, 
especially to acknowledge my indebtedness to 
Prof. E. G. Hastings, head of the department 
of agricultural bacteriology, and to Prof. E. 
B. Fred, in charge of soil bacteriology, who 
kindly placed the laboratory and all its facili- 
ties at my disposal and who always aided me 
with willing criticisms throughout the course 
of the investigations. From Prof. C. K. Leith, 
of the geologic department of the University 
of Wisconsin, I received suggestions regarding 
the method of attack of the geologic problems 
involved. Prof. W. H. Hunter, of the depart- 
ment of chemistry, University of Minnesota, 
read and criticised the sections of the report 
which are largely chemical in nature. Mr. F. 
T. Thwaites, Dr. W. L. Uglow, Mr. A. D. 
Wheeler, Prof. E. B. Fred, and many others 
rendered assistance in collecting material for 
investigation. 

THE IRON-DEPOSITING BACTERIA. 

GENERAL CLASSIFICATION AND MORPHOLOGY. 

Until recently the term " iron bacteria " was 
applied to a certain group of filamentous bac- 
teria that have the power of precipitating fer- 
ric hydroxide from iron solutions. These or- 
ganisms were classified by Migula under the 
general term Trichobacteria or "higher bac- 
teria" to distinguish them from the Haplo- 
bacteria or "lower bacteria" to which ordi- 
nary coccus, bacillus, and spirillum forms be- 
long. Besides the iron bacteria, such as 
Crenothrix, GaMionella, Spirophyllum, Lepto- 
thrix, and Clonothrix, there were included 
under "higher bacteria" certain soil and 
pathogenic bacteria, such as Cladothrix, Strep- 
tothrix, PhragmSdiothrix, and Actinomyces, 
and a third group, the "sulphur bacteria," 
also a higher bacterial type, was classed inde- 
pendently as Thiobacteria. It was supposed 
that all iron bacteria belonged to the higher 
type, until about 1908, when Molisch discov- 
ered certain coccus forms that had the power of 
precipitating ferric hydroxide. Still more re- 
centlv Mumford claims to have isolated a 



bacillus that has the same power, and it seems 
quite probable that many other species of both 
lower and higher bacteria may be found that 
precipitate ferric hydroxide from iron solu- 
tions. 

. The higher bacteria are distinguished from 
the lower bacteria by their morphology and 
their methods of reproduction. 1 Lower bac- 
teria occur as spherical, rod-shaped, or spiral 
forms and reproduce by simple cell division. 
Higher bacteria occur as long threads, which 
are usually composed of many individual cells, 
and which generally reproduce by the forma- 
tion of conidia or swarm spores. In some spe- 
cies of higher bacteria conidia or swarm spores 
are produced by the division of cells which 
form part of the thread, whereas in other 
species small protrusions are said to form 
along the sides of the threads and in time 
separate themselves from the threads as 
conidia. 

Higher iron bacteria present a variety of 
forms, such as single threads composed of cy- 
lindrical cells placed end to end and generally 
inclosed in sheaths; ribbon forms, twisted spi- 
rally ; cylindrical threads showing false branch- 
ing, or coiled threads or ribbon forms produced 
by the bending of the filaments in the middle 
and the twisting of the ends around each other 
like rope. 

According to Migula's general classification, 
Ihe iron bacteria may be grouped as follows: 2 

A. Eubacteria (true bacteria). 

1. Haplobacteria (lower bacteria). 

a. Coccaceae (2 species of iron bacteria 
known ) . 

Siderocapsa treubii. 
Siderocapsa major. 

b. Bacteriaceae (1 species of iron bacteria 
described ) . 

Bacillus M. 7. 

c. Spirillaceae (no known species of iron bac- 
teria ) . 



1 Benecke, Wilhelm, Bau und Lebon der Bakterien, pp. 
487-498, Leipzig 1012. 

Rullman, W., Eisenbakterien, Cladotricheen, Streptotrl 
cheen, und Actinomyceten, la Lafar's Handbuch der technls- 
chen Mykolojrie, Auflape 2, Band 3, pp. 100-214, Jena, 
1004-5. 

Migula, W., System dor Bakterien, Band 2, p. 1031, Jena. 
1807-1000. 

Molisch, Hans, Die Eisenbakterien. Jena. 1010. 

Ellis, David, The iron bacteria : Sci. Progress, vol. 10, 
pp. 374-302, 1010. 

1 Adapted in part from Migula and in part from Benecke 
and Ellis. 
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A. Eubacteria (true bacteria)— Continued. 

2. Trichobaeteria (higher bacteria) (numerous 
species of iron bacteria). 

a. Thread bacteria consisting of sheaths with 
included cells generally plainly visible; re- 
production by internally produced conldia 
or by the separation of motile or nonmotile 
cells. 

Crenothrlx polyspora. 

Cladothrlx dichotoma. 

Clonothrix fusca. 

Leptothrix ochracea (Chlamydothrix och- 

racea). 
Chlamydothrix sideropous (Leptothrix 

sideropous). 
Megalothrix discophora. 

b. Thread bacteria showing no division into 
separate cells ; method of reproduction not 
definitely established but supposed to be by 
breaking off of parts of threads and per- 
haps by external abstriction of conidla. 

Gallionella ferruginea (Chlamydothrix 

ferruginea). 
Spirophyllum ferrugineum. 
Nodofolium ferrugineum. 
Conidiothrix. (?) 

B. Thiobacteria (sulphur bacteria) (no known species 

of iron bacteria). 

Siderocapsa was found by Molisch 1 to occur 
on the submerged leaves or stems of certain 
water plants on which it exists in the form of 
little irregular ringlike colonies. ■ Frequently 
it forms a brown incrustation covering the en- 
tire submerged portion of the plants. It is a 
common coccus form and is said to be one of 
the most abundant of water bacteria. It is 
believed by Molisch to be an important agent 
in the formation of bog iron ores. 

Bacillus M. 7 was discovered by Mumford 2 
during an examination of iron-bearing col- 
liery waters in England. He examined the 
brownish ocherous scum which formed in a 
basin into which the mine waters emptied and 
found that it consisted of a mass of ferric 
hydroxide of fine granular texture with some 
scattered threads of higher iron bacteria. 
After various inoculations of this granular 
material in culture media a bacillus was iso- 
lated which produced an enzyme that had the 
power of precipitating ferric hydroxide from 
either ferrous or ferric solutions. Mumford 
states that he succeeded in isolating the enzyme 
from the organism by filtration. 



1 Molisch, Hans, Siderocapsa treubU Molisch, elne neue 
weitverbreltete Elsenbakterle : Centralbl. Bakteriologle, Abt. 
2, Band 29, p. 243, 1911 ; Die Elsenbakterien, Jena, 1910. 

s Mumford, E. M., A new iron bacterium : Chem. Soc Jour., 
701. 103, pp. 645-650, 1913. 



Crenothrix* is the largest of the iron bac- 
teria and is found most commonly at the bot- 
toms of wells and in city water pipes. Less 
than 2 parts of iron per million in water is 
sufficient to support the activity of Crenothrix. 

In its manner of growth and reproduction, 
Crenothrix is one of the most interesting of 
the iron bacteria. It is sessile; the attached 
end is thin and the organism gradually thick- 
ens toward the free end. The separate cells 
that make up a thread of Crenothrix are 
clearly distinguishable, being rod shaped and 
placed end to end in a sheath. Toward the up- 
per end of the filament the cells are seen to 
divide, at first transversely and then longitu- 
dinally, so that a large number of small spheri- 
cal cells are formed near the upper end of the 
filament. These are the conidia, which leave 
the parent sheath and form new threads. Fre- 
quently conidia are prevented from leaving 
the sheath, and then they germinate within 
the sheath and thrust their filaments through 
the wallsj giving the appearance of numer- 
ous little branches extending from the parent 
filament. 

Clonothrix* and Cladothrix* are forms re- 
lated to Crenothrix but differ from it in show- 
ing false branching. This is caused by one 
cell pushing by the next above it and then 
dividing and pushing its way through the 
sheath. Clonothrix reproduces by the forma- 

• Conn, F. J., Ueber den Brunnenfaden (Crenothrix poly- 
spora) mlt Bemerkungen ueber die mlkroskoptsche analyse 
des Brunnenwassers : Beitr. Biologie Pflanzen, Band 1, Heft 
1, pp. 108-131, 1875. 

Zopf, W., Entwlcklungsgeschlchtliche Untersuchungen tlber 
Crenothrix polyspora, die Ursache der Berliner Wasserkala- 
mitat, Berlin, 1879. 

Rttssler, O., Ueber Kultlvlerung von Crenothrix polyspora 
auf festem Nahrboden : Archlv Pharmacie, Band 233, pp. 
189-191, 1895. 

Adlcr, Oscar, Ueber Elsenbakterien und ibrer Bcziehung zu 
den therapeutlsch verwendeten nattlrllchen EisenwUssrrn : 
Centralbl. Bakteriologle, Abt. 2, Band 11, pp. 215-219, 277- 
278, 1903-4. 

Schorler, B., Beitrftge zur Kenntnls dor Elsenbakterlon : 
Centralbl. Bakteriologle, Abt. 2, Band 12, pp. 681-C95, 1904. 

Beythlen, Hempel, and Kraft, Beltriige zur Kenntnls dps 
Vorkommens von Crenothrix polyspora in Brunnemviissern : 
Zeltschr. Untersucbung Nahrungs- und Genussnilttel, 1904, 
Heft 4, p. 215. 

Rullmann, W., Ueber Elsenbakterien : Centralbl. Bakteri- 
ologie, Abt. 2, Band, 33, pp. 277-2*9, 1912. 

4 Schorler, B., Beltrflge zur Kenntnls der Elsenbakterien : 
Centralbl. Bakteriologle, Abt, 2, Band 12, pp. 6S 1-095, 1004. 

• Conn, F. J., Untersuchungen ueber Bakterien : Beltr. Bi- 
ologie Pflanzen, Band 1, Heft 3, p. 185, 1*75. 

Zopf, W., Zur Morphologie der Spaltpflanzon, Leipzig, 
1882. 

Ellis, David, An investigation into the life history of 
Clailothrix dichotoma: Roy. Soc. Proc, B, vol. 85, pp. 344- 
858, 1912. 



Digitized by 



Google 



10 



IRON-DEPOSITING BACTERIA AND THEIR GEOLOGIC RELATIONS. 



tion of conidia resembling those of Cretiothrix 
and by vegetative cells which slip out of the 
sheath. The threads are similar to those of 
Crenothrix but taper toward the free end 
while those of CrenotJvrix thicken toward the 
free end. Cladothrix is primarily a soil or- 
ganism and does not belong to the iron bacteria 
proper, but it is capable of depositing ferric 
hydroxide on its sheath. It reproduces by mo- 
tile and nonmotile conidia, resembling vege- 
tative cells, which either leave the ends of the 
threads or are set free by the breaking up of 
the threads. 

Leptothrix 1 is a simple thread form, usually 
free but sometimes attached at one end. The 
threads are straight or curved. They gener- 
ally have the same width throughout and con- 
sist of a sheath inside of which rod-shaped 
cells lie end to end. Only rarely, however, can 
the cells in the sheath be distinguished, due to 
the coloring in the sheath, and besides many 
dead, empty sheaths are mixed with the living 
organisms. The sheaths are yellowish brown 
from ferric hydroxide. The organism com- 
monly reproduces by fragmentation but may 
reproduce also by the separation of vegetative 
cells and by swarm cells. 

Leptothrix is found abundantly in chaly- 
beate springs, where it forms soft fluffy botry- 
oidal masses attached to the bottom or sides of 
the basins. Less commonly it occurs under- 
ground in mines or tunnels where iron-bearing 
waters issue from the rocks. The occurrence 
of iron bacteria in deep mines has to my 
knowledge not previously been mentioned in 
the literature. 

Megalothrix discophora, a form recently de- 
scribed by Schwers, 2 somewhat resembles Lep- 
tothrix but differs from it in being thicker and 
in possessing a very thick sheath. Inside of 
this sheath is a narrow canal in which long 
cylindrical cells are occasionally seen. The 

* Ktitzing, Phycologla generalis, p. 198, 1843. 

Mlgula, W., System der Bakterien, Band 2, p. 1031, Jena, 
1000. 

Wlnogradsky, S., Ueber Eisenbakterien : Bot. Zeitung, 
Band 46, pp. 202-270, 1888. 

Schorlcr, B., Beltrilge zur Kenntnis der Elsenbakterlen : 
Centralbl. Bakterlologle, Abt. 2, Band 12, pp. 681-695, 1904. 

Ellis, David, A contribution to our knowledge of the thread 
bacteria; Centralbl. Bakterlologle, Abt. 2, Band 19, pp. 502- 
518, 1907; Band 26, pp. 321-329, 1910. 

Mollsch, TIans, Die Elsenbakterlen, Jena, 1910. 

2 Schwers, Henri, Megalothrix discophora, eine neue Eisen- 
bakterle : Centralbl. Bakterlologie, Abt. 2, Band 33, pp. 273- 
276, 1912. 



threads have a holdfast at one end by means 
of which they attach themselves to foreign 
objects. Some of them show dichotomous 
branching. 

GaUioneUa 9 in its typical form consists of 
spiral threads coiled together into double or 
quadruple coils like rope. The individual 
threads, which are yellow to brown, are cylin- 
drical like those of Leptothrix but are gener- 
ally much thinner. Cells have not been dis- 
tinguished within them. Though usually 
tightly wound into coils, loosely wound threads 
are frequently seen and occasionally even sin- 
gle spiral threads. 

GaUioneUa is said to occur in iron-bearing 
surface waters with Leptothrix, but more com- 
monly it is associated with Spirophyllvm in 
iron-bearing well waters and in certain mines 
where iron-bearing waters issue from the 
walls. In such places GaUioneUa and Spiro- 
phyllum form soft, spongy ocherous masses on 
the walls beneath the openings where iron wa- 
ters issue. 

Spirophyllvm* is perhaps the most abun- 
dant of the iron thread bacteria. It has the 
form of flat ribbon-like or tapelike threads 
twisted in the form of spirals. These spiral 
bands may occur as single filaments or they 
may be coiled together as in Gcdlionellcu Re- 
production in Spirophyllvm is commonly by 
fragmentation but is said to take place also by 
means of conidia, which form budlike projec- 
tions on the flat sides of the bands. This 
method of reproduction is questioned by some 
investigators. 

SpirophyUum is abundantly distributed jn 
nature. It occurs with Leptothrix in chalyb- 
eate springs and other iron-bearing surface 

* Ehrenburg, D. C. G., Vorlauflge Mltthellungen ueber das 
wlrkllge Vorkommen fossller Infusorien und ihre grosse Ver- 
breitung: Poggendorf's Annalen, Band 38, pp. 213-227, 1836. 

Migula, W., Ueber Oallionclla fcrruginea Ehrenburg: 
Deutsch. bot. Gesell. Ber., Band 15, p. 321, 1897. 

Kfitzlng, Species algarum, p. 250, 1849. 

Ellis, David, A contribution to our knowledge of the 
thread bacteria : Centralbl. Bakterlologle, Abt. 2, Band 19, 
pp. 502-518, 1907 ; Band 26, pp. 321-329, 1910. 

Schorler, B., Die Rostblldungen In den Wasserleitungs- 
rohren : Centralbl. Bakterlologle, Abt 2, Band 15, pp. 564- 
568, 1906. 

4 Ellis, David, On the discovery of a new genus of thread 
bacteria (SpirophyUum fcrrugintum Ellin > : Roy. Soc\ Edin- 
burgh Proc, vol. 27, pt. 1, pp. 21-34, 1907: A contribution 
to our knowledge of the thread bacteria : Centralbl. Bakterl- 
ologie, Abt. 2, Band 19, pp. 502-518, 1907 ; Band 26, pp. 321- 
329, 1910. 

Lieske, R., Beitrage zur Kenntnis der Physiologic von 
SpirophyUum ferrugineum Ellis : Jahrb. wiss. Botanik, Band 
49, pp. 91-127. 1911. 
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waters, alone or with GaUionella or Leptothrix 
in iron-bearing mine waters, and with Creno- 
thrix in city water pipes. In the latter it oc- 
casionally becomes so abundant as to cause 
turbidity of the water and even a blocking of 
the pipes due to the deposition of ferric hy- 
droxide. 

Nodofoliwn 1 is described by Ellis as being 
related to Spirophyllum. It is said to consist 
of flat elliptical disks placed end to end so that 
each succeeding one is at right angles to the 
last, the whole forming a chain. Investigators 
who do not follow Ellis claim that Nodofoliwm, 
is simply a form of Spirophyllum. 

The name Conidiothrix is suggested by 
Benecke * for a simple thread form resembling 
Leptothrix which has been described by Ellis. 
It differs from Leptothrix in that its cell struc- 
ture is not visible and in that it reproduces by 
conidia which form projections on the outside 
of the sheath. This form has not been defi- 
nitely identified. 

The separation of the higher iron bacteria 
into two groups, one characterized by internally 
produced conidia and the other by the external 
abstriction of conidia, seems to me questionable. 
Several investigators doubt the occurrence of 
external conidia, Ellis being practically the 
only author on record who states definitely 
that he has seen their formation and germina- 
tion. In my work, during which I have ex- 
amined iron bacteria from many different lo- 
calities, I have never certainly identified ex- 
ternal conidia, and although I have often noted 
nodular projections or attached bodies on bac- 
terial threads, most of these projections have 
turned out to be granules of ferric hydroxide 
or other foreign particles. It is not impossible, 
however, that further work may prove Ellis's 
contention to be correct and that other investi- 
gators will be able to definitely confirm this 
method of reproduction among iron bacteria. 

A number of other organisms besides iron 
bacteria are known which deposit ferric hy- 
droxide in their coatings or in certain parts of 
their bodies. 8 Among these are included algae, 
such as Psichohorm turn, Oedogonium, Euglena, 
Glosterium, and Trachelomonas, as well as pro- 

1 Ellis, David, A contribution to our knowledge of the 
thread bacteria : Centralbl. Bakteriologie, Abt 2, Band 26, 
pp. 321-329, 1910. 

* Beneeke, Wilhelm, Ban und Leben der Bakterlen, pp. 489- 
492, Leipzig, 1912. 

•Molisch, Hans, Die Eisen bakterlen, pp. 58-68, 1910. 



tozoa, such dLS-Rhipidodendrort^Phallansteriurn^ 
Spongomonas, Carcfiesium, and especially a 
certain flagellate called Anthophysa^ a branch- 
like organism which commonly becomes heav- 
ily incrusted with ferric hydroxide. In my 
own work I have also found that the mycelia 
of various fungi often become impregnated 
with or coated by ferric hydroxide. 

GENERAL PHYSIOLOGY. 

Several explanations have been offered for 
the deposition of ferric hydroxide by iron bac- 
teria. Some investigators believe that the pre- 
cipitation is merely a chemical process, in no 
way connected with the internal activity of 
the cell, whereas others claim that the process 
is one of oxidation of ferrous to ferric com- 
pounds and that it is necessary for the life 
processes of the organisms. 

Among the first to study the activities of 
ir6n-depositing thread bacteria were Cohn and 
Zopf . Cohn 4 believed that the ferric hydrox- 
ide was deposited as a result of the activity of 
living cells and that the deposition occurred in 
the same manner as the deposition of silica 
takes place in the tests of diatoms. Zopf 6 
some years later stated that he found ferric 
hydroxide being deposited on empty sheaths 
from which all living cells had been removed. 
He was of the opinion, therefore, that the stor- 
ing up of ferric hydroxide in the sheaths was 
merely the result of mechanical processes, the 
iron compounds being taken up by a muci- 
laginous coating on the sheaths. 

Later Winogradsky • investigated the physi- 
ology of iron bacteria. His experiments were 
conducted with Leptothrix, and in a publica- 
tion of his results in 1888 he states that Lepto- 
thrix will live and grow only in solutions in 
which iron is present in the ferrous form, and 
that only where living cells are present in a 
sheath is there any coloration of the sheath due 
to the oxidation of ferrous salts. He also 
found that the sheaths would not take up me- 
chanically any ferric hydroxide which may be 
present in the solution and believed that the 



4 Cohn, F. J., Ueber den Bninnenfaden (Crenothtiat poly- 
spora) mit Bejnerkungen ueber die mikroskopische Analyse 
des Brunnenwassers : Beitr. Biologie I'flanzen, Band 1, Heft 
1, pp. 108-131, 1875. 

• Zopf, W., Zur Morphologie der Spaltpflanzon, Leipzig, 
1882. 

•Winogradsky, S., Ueber Elsenbakterlen : Bot. Zeltung, 
Band 4G, pp. 262-270, 1888. 
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coloration is due to ferric hydroxide being 
given off by the cells and caught in the sheath 
which incloses them. 

He concludes from this that the oxidation of 
ferrous compounds to form ferric hydroxide 
is necessary for the life and growth of the or- 
ganisms and that this process furnishes energy 
to the cell for the assimilation of food. The 
food consists of organic compounds present in 
the water. Only a small amount of organic 
matter, however, was found to be necessary to 
sustain life. Winogradsky worked with solu- 
tions of ferrous carbonate (FeC0 8 ). 

Molisch 1 (1892 and 1910), in a series of 
experiments, proved that Leptothrix will grow 
profusely in an iron-free medium, forming 
perfectly colorless sheaths. He found that 
peptone solutions were especially favorable 
for its development. If either iron or man- 
ganese compounds were present in the solu- 
tions, however, he found that they were oxi- 
dized and taken up by the sheaths. Likewise, 
Molisch states that Leptothrix forms thicker 
and longer threads when iron or manganese is 
present in solution and that sheaths containing 
live cells accumulate ferric hydroxide more 
abundantly. However, threads in which the 
cells have been killed by boiling in water are 
still capable of taking up ferric hydroxide in 
their sheaths. He determined further that 
where there was little chance of oxidation, a 
ferrous compound would accumulate in the 
sheath and cause the same luxuriant growth 
as ferric hydroxide. Therefore he concludes 
that though these organisms show a marked 
attraction for iron or manganese compounds, 
the reason for this is a physicochemical one. 
and the change of ferrous to ferric compounds 
is due to simple oxidation and is not con- 
nected with the life processes of the cells as 
was claimed by Winogradsky. That dead, 
empty sheaths do not take up ferric hydroxide 
to a marked extent he explains by stating that 
living cells probably have some influence in 
keeping the sheath in a condition in which it 
is able to accumulate more material. 

James Campbell Brown 2 made some inter- 
esting observations on the black slime which 



1 Molisch, nans, Die Etsenbakterien, pp. 44-52, Jena, 1910 ; 
Die Pflanze in ihren Beziehungen zum Eisen, p. 71, Jena, 
1892. 

1 Brown, J. C, Deposits in pipes and other channels con- 
veying potable water : Inst. Civ. Eng. Proc, vol. 156, Sess. 
1903-4, pt 2, pp. 1-17, 1904. 



collects in pipes, culverts, and other water 
channels. He finds that it consists mainly of a 
mixture of ferric hydroxide, manganese oxide, 
and organic matter and that it contains among 
other organisms abundant iron-depositing 
thread bacteria. He states that such slimes 
form only in acid waters, that they do not occur 
in neutral or alkaline waters, and that they 
frequently form in waters in which iron is not 
present as ferrous bicarbonate. 

From his observations he concludes that 
where black slimes form in water channels iron 
is carried in solution in the form of soluble or- 
ganic salts. He believes that the iron-deposit- 
ing thread bacteria which are found in the 
slimes use the organic salts as food and set free 
ferric hydroxide, which is then deposited in 
the sheaths. The manganese oxide he believes 
is a simple oxidation product. A small amount 
of ferric hydroxide is perhaps also formed by 
simple oxidation and becomes mixed with the 
slime. 

Ellis 8 in 1907 published a paper in which he 
sets forth his belief that the deposition of fer- 
ric hydroxide around bacterial threads is 
purely mechanical. He does not believe that 
Winogradsky had a valid basis for his conclu- 
sions and thinks with Zopf that the accumula- 
tion is the result of the catching up of particles 
of ferric hydroxide present in the water by a 
mucilaginous covering which surrounds the 
sheaths. The presence of such a mucilaginous 
coating was demonstrated by Zopf 4 in 1878. 
Ellis, like Winogradsky, worked principally 
with Leptothrix but also examined cultures of 
Spirophyllwm and Gallionella, and believes that 
what is true of Leptothrix is true of all iron 
bacteria. 

Lieske 5 in a report published in 1911 gives 
the results of various experiments made with 
SpirophyUum. He finds that this organism 
will grow only in solutions containing ferrous 
carbonate and that other ferrous salts will not 
take the place of ferrous carbonate. He finds 
not only that much organic matter impairs the 
growth of Spirophyllwm and may stop it alto- 

8 Ellis, David, A contribution to our knowledge of the 
thread bacteria : Ontralbl. Bakteriolojrle, Abt. 2, Band 19, 
pp. 502-518. 1907. 

♦Zopf, W., Entwickhmgsgeschichtliche Untersuchungen 
ueber Crenothrix pohjspora, die Ursache der Berliner Was- 
serkalaraltat, Berlin, 1870. 

8 Lleske, Rudolf, Beitrage zur Kenntnls der Physlologie 
von SpirophylUim fcrrugincum Ellis : Jahrb. wiss, Botanlk, 
Band 49, pp. 91-127, 1911. 
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gether, but that where abundant carbon di- 
oxide is present in water and organic matter is 
entirely absent this organism will grow pro- 
fusely. He concludes from this that the car- 
bonate radicle furnishes food for Spirophyl- 
lum and that the latter oxidizes ferrous car- 
bonate to ferric hydroxide mainly for the 
purpose of obtaining carbon. He believes with 
Winogradsky that the oxidation may furnish 
energy to the organism for the assimilation of 
food, which in this case is carbon dioxide. 

Lieske gives the following reaction as indi- 
cating what probably takes place in this proc- 
ess of oxidation : 

2FeCO s + H a O = Fe,(OH), + 2CO,l + 29 W. C al. 

868 kg. cal. 207 kg. cal. 398 kg. cal. 206 kg. oal.J ^ *» 

Mumford 1 in a short paper published in 
1913 describes experiments with Bacillus M. 7, 
a new type of iron bacterium discovered by 
him. He states that this organism forms a 
precipitate of ferric hydroxide in ferric as well 
as ferrous solutions. Organic compounds were 
used as a source of food. He found that ferric 
hydroxide was precipitated only under aerobic 
conditions and that under anaerobic conditions 
the ferric hydroxide already precipitated was 
simply somewhat dehydrated, forming limo- 
nite or bog ore. He ascribed these reactions to 
an enzyme which, he states, he succeeded in iso- 
lating from the organisms by filtration. This 
filtered enzyme produced the same phenomena 
as the living organism. 

It is difficult to reconcile these various con- 
flicting hypotheses regarding the physiologic 
activity of iron-depositing bacteria. Some of 
the discrepancies can probably be explained by 
the fact that some of the observers were work- 
ing with different organisms and under differ- 
ent conditions, but other discrepancies seem to 
be due to faulty observation. Molisch worked 
with Leptothrix and found that it required or- 
ganic matter but that it did not require iron 
in solution. Lieske, on the other hand, in 
working with SpirophyWum, finds that it re- 
quires ferrous carbonate in solution but that 
it can live in the absence of organic matter. 
Here are two different organisms that clearly 
show entirely different characteristics. Such 
an explanation, however, does not apply to the 
discrepancies between the observations of Mo- 

1 Mumford, E. M., A new Iron bacterium : Chem. Soc. Jour., 
vol. 103, pp. 645-650, 1913. 



lisch and Winogradsky. Both of these investi- 
gators were working with Leptothrix and yet 
their results differ radically. Similarly, James 
Campbell Brown, who finds that iron-deposit- 
ing thread bacteria grow in solutions contain- 
ing no ferrous bicarbonate, concludes that iron- 
precipitating organisms do not use inorganic 
iron compounds but must have soluble organic 
iron salts in solution. Such a conclusion is 
speculative, for although Molisch has shown 
that Leptothrix will thrive on certain organic 
iron salts in solution, Lieske has proved that 
SpirophyWum undoubtedly will not. Besides, 
very little is known definitely about the carry- 
ing of iron in solution in natural waters in the 
form of soluble organic salts, although indica- 
tions of this possibility exist. The observa- 
tions of Mumford also are open to doubt, for 
the reason that he did not use control cultures 
and the possibility of chemical oxidation tak- 
ing place in his ferrous solutions has not been 
eliminated. 

In general it seems reasonable to believe that 
certain iron-depositing organisms, such as 
Spirophyllum, require ferrous bicarbonate in 
solution and can not live without it; that 
others, such as Leptothrix, can live without 
any iron compounds, but if they are present 
can use either ferrous bicarbonate or soluble 
organic iron salts; and that still others, such 
as various lower bacteria (see pp. 29-31) will 
use the organic radicle of certain soluble or- 
ganic iron salts when present but can not 
utilize any inorganic iron salts. The physi- 
ologic activity of iron-depositing organisms 
will be frequently referred to in the following 
discussion. 

RESULTS OF THE PRESENT INVESTIGATION. 

OCCURRENCE AND MORPHOLOGY OF IRON- DEPOSIT- 
ING THREAD BACTERIA. 

Crenothrix polyspora Cohn. 

The common habitat of Crenothrix poly- 
spora is in wells and in city water pipes in lo- 
calities where the water contains an appreci- 
able amount of iron in solution. It is so com- 
mon in many places both in the United States 
and in Europe that it has become known as the 
" water-pest bacterium,'' because of its tend- 
ency to produce turbidity in water due to the 
precipitation of ferric hydroxide. In Ger- 
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many Crenothrix is commonly known as 
" Brunnenfaden " (well thread) , on account of 
its frequent occurrence in wells, although vari- 
ous German investigators mention its occur- 
rence in streams, canals, and other water 
bodies as well In wells Crenothrix is de- 
scribed as occurring in dark-brown or black 
scumlike masses at the bottom or along the 
sides. The newer outer portions of such 
masses are usually lighter colored than the 
older portions. In distributing pipes Creno- 
thrix occurs in association with Spirophyllum 
and Gattionella, which are attached to the in- 
terior of the pipes, where they often form hard 
iron crusts. 

Most of the Crenothrix cultures for my in- 
vestigations were obtained from the city wa- 
ter of Madison, Wis. (See Pis. I, II, and III.) 
This water, although its iron content is com- 
paratively low, contains an abundance of 
Crenothrix, as well as OaUionella and Spiro- 
phyllum. It is obtained from several deep 
wells which penetrate the Cambrian sedi- 
ments and end in the underlying granite more 
than a thousand feet below the surface. The 
following is a partial analysis of the mineral 
constituents of Madison city water by W. G. 
Crawford, of the University of Wisconsin : 

Partial analysis of city water from Madison, Wis. 

Parts per 
million. 

Silica (SiO a ) 10.3 

Ferric oxide (Fe*Ot) 1.8 

Calcium (Ca) 62.5 

Magnesium (Mg) 36.4 

Bicarbonate radicle (HCOa) 324.5 

Sulphate radicle (SO*) 15.5 

Chlorine (CI) .4 

Free carbon dioxide (CO a ) 5. 8 

The analysis shows that the water contains 
an abundance of calcium and magnesium car- 
bonates and is a typical " hard water." No at- 
tempt is made to combine the constituents into 
salts. The usual method of making such com- 
binations is at best artificial, and here it seems 
preferable to show the actual facts. The car- 
bon dioxide in the bicarbonate radicle is that 
which is combined with the bases, such as cal- 
cium, magnesium, and iron, to form carbon- 
ates or bicarbonates. The carbon dioxide 
present as free gas is shown separately. The 
sulphate radicle, which forms an appreciable 
percentage, is probably present combined with 



calcium and iron. The iron present is shown 
as ferric oxide, although in the water prac- 
tically all of it is present in the ferrous form, 
mainly as carbonate or bicarbonate and per- 
haps as sulphate. It is not possible to tell in 
what relative proportion these salts occur. The 
actual quantity of metallic iron present in the 
water amounts to 1.26 parts per million. This 
seems a very small amount to cause the growth 
of iron bacteria, yet it was sufficient to pro- 
duce turbidity in the water upon standing with 
free access of oxygen. 

Crenothrix polyspora is easily obtained from 
city water, in which it is present, by filtering. 
The best method is to attach a thoroughly 
cleaned and sterilized Berkefeld porcelain 
filter to a screw spigot and allow the water to 
pass through for 24 to 36 hours. At the end of 
this period a thin yellowish-brown deposit of 
ferric hydroxide will be found to coat the filter, 
unless the water is turbid, and then a heavy 
blackish-brown coating may be found. The 
latter, however, is not so desirable for cultures. 

The filter, after being removed from the 
spigot, should be immersed in a sterile solution 
of well water to which has been added, previ- 
ous to sterilizing, about 0.1 per cent of pow- 
dered ferrous carbonate (FeC0 3 ) and about the 
same amount of sodium or potassium acetate. 
This solution should be placed in a large beaker 
(preferably about 3,000 cubic centimeters) , and 
the filter should be suspended so as to hang 
freely in the liquid. The beaker should be cov- 
ered in order to prevent dust from settling on 
the solution. 

For incubating the cultures it is best to place 
them in an ice chest at a temperature of about 
6° to 8° C, for this retards the growth of 
molds, which otherwise rapidly develop on the 
surface of the filter and prevent the growth of 
other organisms. Within a few days Creno- 
thrix will be found to develop on the filter and 
can be obtained for examination under the mi- 
croscope by scraping material from the surface 
of the filter with a platinum needle. Impure 
cultures prepared in this manner may be kept 
for several weeks. 

Pure cultures of Crenothrix polyspora are 
difficult to obtain, not only because of the diffi- 
culty of finding artificial media in which 
Crenothrlv will grow but also because the 
threads are so large that it is difficult to make 
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A. a, THREAD OF CRENOTHRIX POLYSPORA, X80; 6, UPPER PORTION OF THE SAME THREAD, X9M>, SHOWING 
CONIDIA IN THE UPPER PART OF THE SHEATH AND ORDINARY VEGETATIVE CELLS IN THE LOWER PART; 
c, PORTIONS OF THREADS OF CRENOTHRIX POLYSPORA, X 550, SHOWING VEGETATIVE CELLS, CONIDIA, AND 
GERMINATION OF CELLS WITHIN THE SHEATHS. 



D. PHOTOMICROGRAPH OF THREADS OF CRENOTIHUX POLYSPOR \ FROM cm \\ ATEh, M \l>ISn\, W IS., I.,< 
MaliTiiil obtained on filter. Some threads show ordinary ve-.-elativo nils; others show conidia. Shiim-d wil h p-iilian n i«»l ) . 
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A. PHOTOMICROGRAPH OF THREADS OF CRENOTHRIX POLYSPORA FROM CITY WATER, MADISON, WIS., X450. 
Material obtained on filter. Threads show vegetative cells and germination of cells within the sheath. Stained *ilh curbol fuchsin. 




B. PHOTOMICROGRAPH OF THREAD OF CRENOTHRIX POLYSPORA FROM CITY WATER, MADISON, \\ IS., /610. 

Show 4 ordinary vrp«»tnf ivo crlls und (li-klik«« r« lis fornnd hy f ninsvrr-u- di\ ision of nnliri.-iry <*«'IN. Shows iiNo it thi«k«riiiiK of flu* thrcud 
toward the upper part of the tshcalh ^oii tin; right;. Tin: nIunUIi is faiully t>«<-u. Stained with £culiuu violet. 
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transfers of the organism without taking other 
forms which may be attached to them. Boss- 
ier 1 claims to have obtained pure cultures of 
Crenothrix on sterilized bricks immersed in 
water to which a small amount of ferrous sul- 
phate was added. However, he does not state 
how he obtained his material for inoculation 
nor does he mention the presence in the solu- 
tion of any other nutrient material besides fer- 
rous sulphate. Molisch 2 repeated these experi- 
ments but without success, and states that he 
has not been able to cultivate Crenothrix in any 
kind of artificial media even in impure cul- 
tures. He concludes that the growth of Creno- 
thrix is dependent on special conditions which 
are difficult to reproduce in the laboratory. 
Recently, however, Kullmann 8 succeeded in 
producing cultures of Crenothrix both in liquid 
media and on agar plates. 

As already mentioned, Crenothrix occurs as 
unbranched threads (see Pis. I, II, and III, 
and figs. 1 and 2), one end of which is at- 
tached while the other end is free. A gradual 
thickening takes place from the attached end 
to the free end with the result that the free 
end commonly has three or four times the 
width of the attached end. The individual 
cells making up the thread suffer the same de- 
crease in width toward the attached end as the 
sheath inclosing them and hence appear much 
more elongated at the attached end. 

Crenothrix threads are generally colorless 
and can only be seen with the microscope when 
the light is greatly reduced. The separate 
cells are then clearly distinguishable, as is also 
the sheath which incloses them. The threads 
vary in length up to several millimeters, but 
usually under the microscope one does not see 
threads that exceed 0.5 millimeter in length. 
In diameter the threads vary between 2 and 9 
micra. 4 Only very young threads or the at- 
tached ends of the older threads are as thin as 
2 micra, and the maximum diameter, 9 micra. 
is only found in old sheaths when complete 
formation of conidia has taken place. The 
diameter of the threads is ordinarily between 

1 Rossler, O., Ueber Kultivlcrung von CrcnothrU poly- 
spora auf festem Niihrboden : Arohiv Pharmncie, Band 2:>3, 
pp. 189-191, 1895. 

•Molisch, Hans, Die Elsenbakterien, p. 29, Jena, 1910. 

• Rullmann, W. f Ueber Elsenbakterien : Centralbl. Baktert- 
ologie, Abt 2, Band 33, p. 283, 1912. 

4 The micron equals 0.001 millimeter. 



3 and 5 micra near the attached end and be- 
tween 5 and 6 micra at the free end. 

The individual vegetative cells (see Pis. 1,-4, 
II, /?, and III, B) forming the thread range in 
width from 2 to 5 micra and in length from 2 
to 9 micra. The normal shape of the cells is 
cylindrical, the length being about twice the 
diameter. Just after 
cell division, however, 
which takes place 
transversely, the 
length and diameter 
are nearly equal. In 
the lower portion of 
the thread many of 
the cells have a rec- 
tangular outline with 
the square ends, 
whereas in the upper 
part of the thread the 
ends are rounded. The 
sheath inclosing the 
cells is generally thin, 
in some specimens 
being hardly distin- 
guishable from the cell 
walls themselves. 

In spore formation 
the division of cells 
takes place both trans- 
versely and longitu- 
dinally — that is, there 
is cell division in three 
directions. (See Pis. 
I and II, A.) This 
process results in the 
formation of a large 
number of spherical or 
more or less irregu- 
lar spores or conidia, 
which increase in size 
somewhat after their formation so that differ- 
ent spores range in diameter from less than 2 
micra to 4 micra. The division of cells into 
spores as a rule takes place at the end of the 
thread, but frequently it occurs at differenl 
points in the upper part of the thread, so that 
small round spores may be inclosed between 
cells as yet undivided. (See fig. 1.) 

The spores are nonmotile conidia. They 
are washed from the ends of the sheaths, 
distributed by currents of water, and eventu- 



Figuke 1. — Portion of a 
thread of Crenothrix 
polyspora showing for- 
mation of conidia. The 
lower part of the thread 
consists of ordinary vege- 
tative cells. In the upper 
part are disk-shaped cells 
and conidia. Drawing 
with camera lucida. 
X 550. 
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ally become attached and germinate into new 
threads. It often happens that conidia ger- 
minate before they have a chance to leave the 
sheath, and then the new threads push their 
way through the sheath, forming a radiating 
mass of threads which appear like branches of 
the old thread all coming out at one place. 
(See Pis. I, A; II, A; and III, B.) In many 
threads germination takes place "at several 
points. 

Though the young Crenothrix threads are 
colorless, older threads are commonly coated 

with a thick brown de- 
posit of ferric hydrox- 
ide, which frequently 
has a thickness of sev- 
eral times the diam- 
eter of the original 
threads. (See fig. 2.) 
Younger threads never 
have this coating and 
rarely show even a 
yellowish tint to indi- 
cate the presence of 
ferric hydroxide. 

Crenothrix is read- 
ily stained with either 
carbol-fuchsin or gen- 
tian violet. The cells 
stain deeply, but the 
sheath remains almost 
colorless. When it is 
desirable to stain the 
„ ^ t s spores the thread may 

Figure 2. — Portion of a r . £ 

thread of Crenothrix be Stained first With 

poiyBvora showing thick c a r b o 1 - f u c h s i n and 

coating of ferric hy- 

droxide. Thin young then treated with 2£ 

threads are formed by per cent gl ac ial acetic 

germination of conidia * . ° 

in parent sheath. Draw- acid. I his Will re- 

ing with camera luclda. move the Stain from 

all parts of the thread 
except the spores. The mount may then bo 
stained with gentian violet or methylene blue, 
which will restain the vegetative cells and also 
to some extent the sheath. The most satisfac- 
tory method of staining Crenothrix is to pre- 
pare a weak staining solution consisting of 1 
part concentrated carbol-fuchsin to 10 parts of 
distilled water. The slide on which the organ- 
ism is mounted should be allowed to remain in 
this solution for 12 or 14 hours. It is fre- 
quently advantageous to treat the material 



with a dilute solution of hydrochloric aeid. bo- 
fore staining. 

Leptothrix ochracea Kiitzing. 

Leptothrix ochracea Kiitzing, also known as 
Chlamydothrix ochracea Migula, is found 
mainly in iron-bearing surface waters of bogs, 
streams, and springs, but I have found it also 
in mine waters in the Cuyuna iron range of 
central Minnesota and in the lead and zinc 
region of southwestern Wisconsin. In some 
iron springs Lepothrix is extremely abundant, 
but in others not even a trace of it can. be 
found. This irregularity in its distribution is 
probably due to a difference in composition of 
the spring waters, perhaps influenced by other 
contributing factors. In streams and bogs it is 
found principally where the water is stagnant. 

I found Leptothrix growing profusely in a 
chalybeate spring on a small creek west of 
Lake Kegonsa, about 14 miles southeast of 
Madison. (See PI. IV.) The water of this 
spring contains an abundance of ferrous iron 
in solution and has a distinct iron taste. It 
issues from the hillside about 10 feet above 
the level of the creek, forming a little basin 2 
or 3 feet in diameter. At the top of the slope 
at various points in the vicinity are outcrops 
of Madison sandstone (Lower Ordovician) , and 
the water probably derives its iron from this 
formation either from disseminated pyrite or 
from siderite. The iron is probably present in 
solution as ferrous carbonate (or bicarbonate), 
judging from the following partial analysis, 
made by G. W. Crawford, of the University of 
Wisconsin : 

Partial analysis of water from spring on creek west 
of Lake Kegonsa, Wis. 

Parts per 
million. 

Silica (SlO,) 18.9 

Ferric oxide (Fe»Ot) 5.2 

Calcium (Ca ) 78. 1 

Magnesium (Mg) 32.5 

Bicarbonate radicle (HC(> 3 ) 354.4 

Sulphate radicle (SO«) .0 

Chlorine (CI) .4 

Free carbon dioxide (C0 2 ) 11.6 

A large volume of water is given off by the 
spring and there is a constant flow winter and 
summor. The water does not freeze in the 
winter. As there is no sulphate radicle pres- 
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A. PHOTOMICROGRAPH OF THREAD OF CRENOTIIRIX POLYSPORA FROM CITY WATER, MADISON, WIS., X640. 

Shows the formation of conidia from vegetative cells. Conidia occur in the upper part of the sheath (on the right) and vegetative cells in 
the lower part (on the loft). Sheath is faintly outlined. Stained with gentian violet. 




B. PHOTOMICROGRAPH OF THREAD OF CRENOTIIRIX POLYSPORA FROM CITY WATER. MADISON, \\ IS., 610. 
Shows the prrrainalioii of rrlls wil hiii I In- .shratli. Sliratli i-i also well .shown in .small thread-.. Stained \tilh ^enliaii violet. 
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il. PHOTOMICROGRAPH OF OGHEROUS SCUM IN IRON SPRING NEAR LAKE KEGONSA, MADISON,. WIS., X 640. 
Shows simple straight and curved threads of Chlampdothrix ochracea. Unstained. 
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B. PHOTOMICROGRAPH OF OCHEROi:S SCUM IN IRON SPRING NEAR LAKE KEGONSA. MADISON, WIS., \ (.10. 

Shows threads of ( hiatnyd<>llirit uchractn and one of yj>irnpht/ttitm frmuj'nHvm. Thread of very regularly twisted Sj>iroj>h-i!!ii m oa the 

right. Uustaiued. 
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ent, and as the chlorine is negligible, it seems 
that in this spring at least all the calcium, 
magnesium, and iron are present in the form 
of carbonate (or bicarbonate). The iron, al- 
though given as ferric oxide in the analysis, 
is all present in the ferrous form, as is shown 
by the fact that the water as it issues from the 
spring is beautifully clear but upon standing 
soon becomes turbid on account of the oxida- 
tion of the iron by atmospheric oxygen. After 
a few days a distinct yellowish-brown deposit 
has formed at the bottom of vessels in which 
the water is kept and at the end of a week or 
two the iron is so completely precipitated that 
less than 0.2 part per million of ferric oxide re- 
mains in the solution, although the original 
content was 5.2 parts per million, as shown in 
the analysis. The 5.2 parts ferric oxide are 
equivalent to 3.69 parts metallic iron. 

Leptothrix forms soft, fluffy brown botryoi- 
dal masses attached to the bottom and sides 
of the spring. The masses may be an inch or 
more in thickness and form a sort of lining 
locally along the sides and bottom of the 
spring. They consist of an almost pure cul- 
ture of Leptothrix threads, both living and 
dead, but with these here and there are threads 
of Spirophyllvm, all interwoven into a thick 
matting. 

During the course of several visits to this 
spring I had an opportunity of noting the ef- 
fect of seasonal changes on the growth of the 
iron bacteria. The most abundant growth ap- 
parently occurred in the spring and early in 
the summer ; late in the fall the growth seemed 
to be at its lowest, being less marked even than 
in midwinter. During the period of lowest 
growth Spirophyllum seems to be somewhat 
more abundant relatively than during periods 
of luxuriant growth. 

At the Howe mine, an open-pit iron mine 
near Riverton, in the Cuyuna district in cen- 
tral Minnesota, a number of springs of iron- 
bearing water issue directly from the ore at 
the east end of the pit. The ore is a mixture 
of limonite and more or less hydrated hema- 
tite, but the water issuing from it probably 
contains ferrous iron in solution and supports 
an abundant growth of Leptothrix and various 
algae in little depressions on the surface of the 
ore. 

65629°— 19 2 



In spring water from Middleburg, Va., pro- 
cured for me by Dr. E. B. Fred, of the Uni- 
versity of Wisconsin, I found Leptothrix oc- 
curring in abundance associated with some 
SpiropKyUwm, and various types of algae. The 
spring is 1 mile northwest of Middleburg. The 
iron-bearing water issues from red clay prob- 
ably derived by decomposition from Triassic 
red shale (Newark), outcrops of which occur 
within 50 feet of the spring. The waters flow 
into Wauquipin Creek, a tributary of Goose 
Creek, which empties into Potomac Kiver 10 
to 15 miles distant. 

In the Kennedy mine, in the Cuyuna iron 
ore district, Leptothrix occurs abundantly on 
some of the lower levels. (See PL V.) On 
the 262-foot level two long crosscuts penetrate 
a succession of iron ore, ferruginous chert, 
cherty siderite rock, and green chloritic schist. 
The walls of these crosscuts, where they con- 
sist of cherty siderite rock and green schist 
and where water is abundant, support a luxu- 
riant growth of Leptothrix associated with 
some Spirophyllum and GallioneUa. Locally 
also pools of water on the floors of the cross- 
cuts are filled with yellowish-brown to dark- 
brown masses of these organisms. 

Microscopically the material is seen to con- 
sist very largely of Leptothrix, but here and 
there threads of GallioneUa and Spirophylhim 
are common. Most of the Leptothrix threads 
are light yellowish-brown and transparent, but 
some are dark brown and have a thick irregu- 
lar coating of ferric hydroxide. With careful 
handling very long threads of Leptothrix were 
obtained, some of which had a thick brown 
coating of ferric hydroxide at one end, though 
the other end was smooth and transparent, 
there being a gradation between the two ends. 
A few nearly colorless threads were seen which 
showed cell structure very plainly. Some of 
the cells were elongated cylindrical, some short 
cylindrical, and some were platelike. Whether 
these threads were really Leptothrix or whether 
they were some form of almost colorless algae 
or fungi it is not possible to say. In size and 
general form they were like Leptothrix. Other 
threads of Leptothrix occur which have little 
projections along them at intervals. These 
projections are probably little lumps of ferric 
hvdroxide. but thev resemble very closelv the 
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conidia described by Ellis in connection with 
the form for which Benecke l has suggested the 
name Conidiothrix. 

A sample of the scum of iron oxide collected 
from the walls of the drifts of the Kennedy 
mine and dried at 105° C. was analyzed by W. 
G. Crawford, of the University of Wisconsin, 
with the following results : 

Analysis of scum of iron oxide from Kennedy mine, 

Minn. 

[Dried at 105° C,). 

Ferric oxide (Fe*0») 70.56 

Silica (SiOa) 7.27 

Lime (CaO) 3.41 

Magnesia (MgO) .40 

Combined water (HaO) 13.75 

Loss above 105° C. (besides combined water)— 4.60 



99.99 



This analysis shows that the material pre- 
cipitated by the iron bacteria is practically 
pure ferric hydroxide, for the impurities may 
be attributed to small rock particles which 
were unavoidably included in the sample in 
collection. On the supposition that the iron is 
all present in the form of ferric hydroxide or 
limonite, 11.95 per cent of water is required to 
combine with 70.50 per cent of ferric oxide, 
making a total of 82.51 per cent limonite, or of 
49.3 per cent metallic iron. This amount leaves 
1.8 per cent of combined water unaccounted 
for, which probably means that the ferric oxide 
is in a slightly higher state of hydration than 
in the mineral limonite. The loss above 105° 
C, besides the combined water, is probably 
mainly carbon dioxide, derived from the oxi- 
dation of the carbon present in the bacterial 
sheaths. The silica, lime, and magnesia are ac- 
counted for by the presence of rock particles. 

Besides finding Leptothrix in iron springs 
and mines I have found it in river waters and 
in bogs. In river waters I have found it espe- 
cially common where pools of more or less 
stagnant waters occur along the banks between 
boulders or outcrops of rock. In some places 
it seems that these rocks yield iron for its 
growth. 

In bogs ferric hydroxide frequently occurs 
as a thin iridescent film on the surface of the 
water. This film results from the oxidation of 
iron compounds in solution in the water. With 

1 Benecke, Wllhelm, Bau und Leben der Bakterlen, 1912. 



such occurrences there is almost always asso- 
ciated a yellowish-brown scum or ooze along 
the sides and bottom of the pools of water. 
This scum generally consists of Leptothrix as- 
sociated with more or less algae. It is well 
known that, on account of the abundant pres- 
ence of decaying organic matter, bog waters 
can take a considerable amount of iron into so- 
lution. A thin layer of water near the surface, 
which is in direct contact with the oxygen of 
the air, probably suffers oxidation, and the 
iron in solution is changed to ferric hydroxide 
and forms the surface film. Below the sur- 
face it seems reasonable to suppose that the 
iron is kept in solution to some extent by prod- 
ucts of decaying organic matter but that some 
of it is taken up by the iron bacteria and that 
ferric hydroxide is deposited on their sheaths. 
This material gradually accumulates and event- 
ually forms deposits of bog iron ore. 

On account of the abundant presence of fer- 
ric hydroxide in the sheaths, cultures of Lepto- 
thrix (and also of Spirophyllwm and Gattio- 
nella) may be kept in water for an almost in- 
definite length of time for purposes of study. 
It seems that although the organisms die the 
sheaths retain their natural form. 

Leptothrix ochracea has been grown in the 
laboratory by a number of investigators. The 
first laboratory cultures of Leptothrix were 
obtained by Winogradsky.* He used for the 
purpose a glass cylinder about 8 inches tall 
and placed in the bottom of this crushed hay 
which had been previously cooked. On this 
material he sprinkled some freshly precipi- 
tated ferric hydroxide and then filled the cyl- 
inder with well water. As soon as gas forma- 
tion occurred, little ocher-colored flakes and 
masses appeared on the surface of the water 
and on the sides of the glass cylinder. In 8 
or 10 days a thick, yellowish-brown deposit was 
found to cover the sides of the cylinder and on 
the surface of the water large zoogloea of the 
same color formed and gradually sank to the 
bottom. The ocher-colored masses were found 
to consist almost entirely of organisms, amor- 
phous flocculent ferric hydroxide being very 
uncommon. Among these organisms Lepto- 
thrix was almost always present. The diffi- 
culty with this culture method was that be- 

* Winnprndsky. £., T'obor Eisonbaktorlon : Bot. Zoitung, 
Band 40, pp. 2G2-270, 1S8S. 
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A. PHOTOMICROGRAPH OF MATERIAL FROM 262-FOOT LEVEL. KENNEDY MINE, CUYUNA, MINN., X640. 

Threads of Spirophyllum ftrrvgineum are near the upper left corner and near the center. Threads of Chlamydothrix ochracea and Galliondla 
ferruginea are scattered ; the latter show braidlike forms. Unstained. 




Ii. PHOTOMICROGRAPH OF OCIIKROl S SCI M ON Ji.J-FOOT LEVEL, KENNEDY MINE. ( I'VINA. MINN., 610. 

Shows simple threads of Chluiiiydotluif ochruan, roiled, bmidlike forms of (inlliotulln fcrrugima, unci u f«'w spiral ribbon like forma of 

SjtiuiphyliuM jirriujimum. Unstained. 
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A. PHOTOMICROGRAPH OF OCHEROUS, GELATINOUS SCUM FROM 100-FOOT LEVEL, FEDERAL MINE, HAZEL 

GREEN, WIS., X640. 

Shows braidlike forms of Qaflionella ferruginea and also single spiral threads of Gallionella fcrruginea. Twisted ribbon-like forms of Spiro- 

phyllum fcrrugineujn are abundant. Unstained. 
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2?. PHOTOMICROGRAPH OF OCHEROUS, GELATINOUS SCUM FROM 100-FOOT LEVEL, FEDERAL MINE, HAZEL 

GREEN. WIS., X610. 

Shows ropclikc forma of GaUiomlUi ftrriigiiuu, one near the center consisting of four sirifrl** threads; also sintrl** spiral threads of Oallio- 
ndla and twisted rihbou-likc forms of Spiruphyllum Ja ruyimum of different- si/.<-s. Unstained. 
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sides Leptothrix numerous other bacteria as 
well as protozoa of many varieties developed, 
so that the culture was impure. 

Adler 1 made some improvement by adding 
0.05 per cent iron ammonium citrate to water 
from the city supply of Prague, which was 
taken from Moldau River, and allowing the 
solution to stand in a glass beaker. Aiter 
some days yellowish flakes of Leptothrix, Cla- 
dothrix, and Anthophysa developed abun- 
dantly, as well as a few protozoa. 

Molisch, 2 after many attempts, finally suc- 
ceeded in getting pure cultures of Leptothrix. 
In an attempt to repeat Adler's experiments by 
using water from the city supply 
of Vienna, which was derived from 
springs, he was unsuccessful, and there- 
fore he used water from Moldau River 
in all his experiments. His first ex- 
periments were for the purpose of ob- 
taining an abundant growth of Lepto- 
thrix with the least possible develop- 
ment of other forms. He took various 
organic compounds of iron and manga- 
nese and dissolved them in water from 
Moldau River, in which Leptothrix 
was known to be present. The strength 
of the solutions used was usually about 
0.05 per cent. The compounds with 
which he was most successful in ob- 
taining growths of Leptothrix were 
manganpeptone, iron ammonium 
citrate, peptone with manganese carbonate, 
manganum phospholacticum, iron sulphide 
with peptone, and iron-ammonium tartrate. 
He found that in these solutions, which were 
kept in beakers in diffused light, little brown 
spots appeared near the surface in a few days 
and that after a week or two a thick matting 
formed over the surface. This was found to 
consist mainly of Leptothrix, but Anthophysa 
and Cladothrix were generally abundant, and 
other protozoa and algae also frequently de- 
veloped. 

Molisch then attempted the isolation of 
Leptothrix by growth on solid media. The 
medium which he found best adapted consisted 
of 1,000 cubic centimeters of water from Mol- 

1 Adler, Oscar, Uobor Elsonbakterion nnd ihrpr Beziehung 
zu den therapeutisch verwcndeten nattlrlichcn Elsenwassern : 
Centralbl. Bakteriologie, Abt. 2, Band 11, pp. 215-210, 277- 
278. 1003-4. 

8 Molisch, Hans, Die Eisenbakterien, Jena, 1910. 



dau River, 0.05 gram of manganpeptone, and 
10 grams of agar. This medium was inocu- 
lated with Leptothrix which was obtained 
from impure cultures and was incubated at 25° 
C. In a few days, among numerous other bac- 
terial colonies, certain light-brown colonies de- 
veloped which soon became dark rusty brown 
and upon examination were found to consist 
entirely of Leptothrix. 

Montfort 8 mentions the occurrence of heavy 
growths of Leptothrix ochracea in tanks con- 
taining moderately strong solutions of ferrous 
sulphate. He states also that the organism is 
easily grown in a 5 to 10 per cent solution of 




Figure 3. — Diagrammatic sketch of Bpirophyllum ferruffUveum (a), 
Oallionella ferruginea (o), and Leptothrix ochracea (c). Shows 
difference In size and structure of the organisms, X about 1,080. 

ferrous sulphate, and develops under such con- 
ditions in a few days. At my request Mr. 
Montfort sent me samples of the ferrous 
sulphate with which he had obtained cultures. 
However, I was unable to duplicate his results, 
although I made several attempts. The solu- 
tions gave an abundant yellowish-brown ocher- 
ous, flocculent precipitate, due to oxidation, 
which upon examination under the microscope 
gave no trace of any organic forms except oc- 
casional filaments of mold mycelium, some of 
which had a brown coating of ferric hydrox- 
ide. The precipitate consisted mainly of 
brownish-yellow mixed granular and flocculent 
material, probably partly basic ferric sulphate 
and partly ferric hydroxide. 

Leptothrix ochracea (see Pis. IV and V and 
figs. 3, 4, 5, and 6) commonly occurs as un- 



• Montfort, W. F., Dry feed of chemicals In water purifica- 
tion : Am. Waterworks Assoc. Jour., vol. 2, pp. 204-205, 1916. 
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branched threads of the same width through- 
out and with usually no visible differentiation 




Figure 4. — Portions of threads of Leptothrix ochracea show- 
ing straight and curved forms. Drawing with camera 
lucida. X 560. 

between the two ends. Ellis 1 described Lep- 
tothrix threads as being free at both ends and 
being held in place only because numerous 
threads intertwine with each other to 
form a thick matting which becomes 
attached to foreign objects. Benecke, 2 
on the other hand, states that some of 
the threads are sessile and that then 
they show a thickening toward the at- 
tached end. Chlamydothrix sideropus. 
a related species, has a well-developed 
holdfast. 8 

Threads of Leptothrix ochracea al- 
most invariably have a light yellowish- 
brown color, due to the presence of 
ferric hydroxide in the sheaths, which 
enables them to be studied without 
staining. They are very difficult to 
stain. I have tried staining with gen- 
tian violet, carbol fuchsin, and methy- 
lene blue, both with and without pre- 
vious treatment with dilute hydrochlo- Fiona 
ric acid, and the results have been very 
unsatisfactory. By careful treatment with di- 
lute hydrochloric acid, however, and then stain- 

1 Ellis. David, A contribution to our knowledge of tho 
thread bacteria : Ontralbl. Hnkterlolotfie. Abt. L\ Hand ID. 
pp. r.o:i-r>or>. 1007. 

a Iienecke, WUhelm, Bau und Leben der Bakterien, p. 489. 
1912. 

a Molisch, Hans, Die Elsenbakterien. pp. 14-10, 11)11. 



ing for 10 or 12 hours in a dilute solution of 
carbol fuchsin, I have succeeded in staining the 
sheaths, but I have not been able by any 
method to bring out clearly the cell structure. 

The average width of the threads of Lepto- 
thrix is about 1£ micra, but they range in 
width from 1 micron to 2 micra. The longest 
thread that I have noted measured about 120 
micra, or about one-eighth of a millimeter, but 
doubtless the threads grow to a much greater 
length, being broken during the manipulations 
necessary for microscopic examination. Gen- 
erally the threads are slightly curved or undu- 
latory, but some short threads are quite 
straight. Earely Leptothrix may be twisted 
spirally into a corkscrew form. 

In fresh cultures of Leptothrix I have occa- 
sionally seen threads that show a differentiation 
into cells. The cells are usually long cylin- 
drical in shape with slightly rounded ends. 
They vary greatly in length, but generally the 
length is many times the width. By far the 
greater mass of threads in ordinary cultures, 
however, shows no cell structure whatever, 
which may be due to the cells being obscured 
by the ferric hydroxide that colors the sheath 




r». — Portions of threads of Leptothrix ochraca. Drawing 
with camera lucida. X 1,080. 

or to the sheaths being empty. Molisch * states 
that by treatment of the threads with a 2 to 5 
per cent solution of hydrochloric acid he was 
able to dissolve the ferric hydroxide from the 
sheath and thus brought out very plainly the 

* Molisch, Hans, op. cit., p. 22. 
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cell structure in threads that under ordinary 
conditions showed no cell structure whatever. 
I have attempted this with many cultures but 
without" success, perhaps because the cultures 
used were too old. 

Leptothrix ockraeea is said by Molisch * to re- 
produce in three ways — by fragmentation (that 
is, by the breaking off of small fragments of 
threads which in time grow into new threads), 
by the forcing out of end cells from the thread, 
and by swarm cells. The swarm cells are cy- 
lindrical rods with rounded ends 0.6 to 0.8 
micron in width and attain a maximum length 
of 14 micra. Some of them are threadlike and 
consist of several cells. Their movement is 




Figure 6. — Portions of threads of Leptothrix ochracca, one 
of them showing nodular projections. Drawing with 
camera lucida. X 1,080. 



backward and forward, as well as rotational 
around the longer axis. The swarm cells after 
they leave the cell swim around and finally 
attach themselves and form new threads. Fre- 
quently they attach themselves to old threads 
and thus simulate branching forms. Swarm 
cells are said to stain readily with aniline dyes. 
Ellis, 2 in his descriptionsoi Leptothrix, states 
that it reproduces by the formation of conidia. 
He described Leptothrix as a simple thread, 
straight or curved, which shows no cell struc- 
ture. The conidia form small spherical pro- 
jections on the sides of the threads and gradu- 
ally detach themselves and are carried away 

1 Molisch. Hans, op. cit., p. 43. 
•Ellis, David, op. cit. 



by currents to other places, where they germi- 
nate and produce new threads. According to 
Ellis, this is the common mode of reproduction 
for Leptothrix. Molisch, however, states that 
he has never seen these conidia and doubts 
their existence, believing that the projections 
observed by Ellis may have been lower bacteria 
which have attached themselves to the Lepto- 
thrix threads, or that perhaps they were swarm 
cells of Leptothrix itself. Benecke, 8 in review- 
ing the facts, suggests that the form described 
by Ellis may be a new species related to Gcd- 
lionetta, and proposes the term Corddiothrix 
for it if such a form is proved to exist by fur- 
ther investigations. 

In several of the cultures which I have col- 
lected recently, notably a culture of Spirophyl- 
lum and GallioneUa, from the 100- foot level of 
the Federal mine, near Hazel Green, in south- 
western Wisconsin, I have found a form re- 
sembling that described by Ellis. It consists of 
a thread similar to Leptothrix in size and gen- 
eral form. (See PI. VII, A, and fig. 6.) How- 
ever, no threads were found which gave any 
semblance of cell structure, but many threads 
showed small, rounded projections at irregular 
intervals along the thread. Whether these pro- 
jections were attached particles of ferric hy- 
droxide or other foreign material, or whether 
they were really conidia, was difficult to deter- 
mine. They seemed, however, to be part of the 
thread, not having any distinct partition wall 
separating them from the thread. It is also 
rather significant that in only a few out of 
many cultures of Leptothiix which I examined 
have I found these forms. On the other hand, 
many of the cultures contain threads of Lepto- 
thrix, some of them thickly coated with ferric 
hydroxide, which show little projections and 
irregularities, consisting, without much doubt, 
of ferric hydroxide. It is therefore difficult to 
say whether the form mentioned above is the 
same as that described by Ellis as Leptothrix 
or whether all the projections are simply for- 
eign bodies, as is suggested by Molisch. I have 
never found these bodies in a germinating con- 
dition, nor have I found them where they have 
been completely separated from the parent 
thread by abstriction. 

In view of the fact that some investigators, 
such as Molisch and Benecke, describe Lepto- 
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thrix as having well-developed cell structure, 
whereas others, such as Ellis, have not been 
able to find any evidence of cell structure, there 
is some question as to whether there may not 
exist two similar forms both widely distributed, 
the one showing cell structure and the other 
consisting of simple undifferentiated threads 
resembling those of Gallionella and Spirophyl- 
lum. Careful work is necessary not only to 
determine whether the latter form exists, but 
if so, whether it reproduces by the external 
abstraction of conidia or simply by the break- 
ing off of parts of the threads. The method 
of reproduction has to be definitely determined 
for Spirophyllum and Gallionella as well. 

Gallionella ferruginea Ehrenberg. 

The term Gallionella was applied by Ehren- 
berg * in 1836 to all the organisms which are 
concerned in the formation of the brown iron 
scums of bogs and springs. That the brown 
scum at the bottom of certain wells was com- 
posed of organisms was also recognized by him 
and these organisms are mentioned as being 
a related type. He classified the iron organ- 
isms as infusoria and thought that they were 
related to the diatoms, which he had studied 
and which he also believed to be infusoria. 
Thus iron bacteria were at one time classed as 
unicellular animals, but later it was recognized 
that they were really plants and for some time 
they were grouped with the algae. Gradu- 
ally as the investigations progressed it was 
determined that more than one species of 
iron bacteria were concerned in the formation 
of iron scums, and thus Leptothrix, Creno- 
thrix, and more recently Spirophyllum and 
Clonothrix were recognized as distinct types. 
At present the term Gallionella is restricted to 
the ropelike form that consists of double 
spirally twisted threads. 

Up to the present time I have found Gallio- 
nella in only three localities, namely, in the 
Federal mine, near Hazel Green, in southwest- 
ern Wisconsin, where it occurs in great abun- 
dance in association with Spirophyllum; in the 
Kennedy mine, in central Minnesota, where it 
is found in minor amount with predominating 
Leptothrix and some Spirophyllum; and in 

1 Ehrenberg, C. G., Vorlftuflge Mitthellungen ueber das 
wirklipo Vorkomroen fossilor Infusorion und lhro ^rosso Ver- 
breitung : Poggendorfs Annalen, Band 38, pp. 213-227, 1836. 



the filtrate from water from the city supply 
of Madison, Wis., where it is associated with 
Spwophyllum and Crenothrix. 

The material in the Federal mine "and the 
Kennedy mine occurs in brown gelatinous 
masses, which are attached to the walls of the 
tunnels beneath small openings from which 
streams of iron-bearing water issue, and which 
is also found in pools along the floors of the 
drifts. 

The cultures from the Federal mine (see 
Pis. VI and VII, A), when examined micro- 
scopically, were found to contain abundant 
Gallionella of various forms and sizes. Per- 
haps the most common form is a short twisted 
ropelike thread consisting either of two or 
four single threads closely twisted together. 
The twisting is accomplished by the bending 
of single threads in the middle and twisting 
the ends around each other. There are also 
present very loosely twisted forms and sin- 
gle spiral or corkscrew-like threads, resembling 
a single strand from a rope when untwisted. 
The ropelike forms of Gallionella vary con- 
siderably in width from end to end, the thick 
end being usually that where the loose ends 
of the threads project. Different individuals 
also vary in width and length, not only among 
the ropelike forms but also among the single 
threads, which show a considerable range in 
size. 

In the cultures from the Kennedy mine (see 
PI. V) Gallionella is not very abundant, and 
most of it has the ropelike form. Many indi- 
viduals are quite thin and transparent, not 
much thicker than the associated Leptothrix 
threads, whereas others are thick and heavily 
coated with brown ferric hydroxide. Some 
show the free ends of the separate threads 
projecting at one end, but most of them are 
short thick braids. Some have the same width 
throughout, but others taper toward one end. 

Spirophyllum. Gallionella, and Crenothrix 
occur together in the distributing pipes of the 
water system of Madison, Wis. Upon filter- 
ing with a porcelain filter a dark-brown mud 
is frequently obtained, especially when the 
water is turbid. Upon examination with a 
microscope this mud is seen to consist largely 
of flocculent textureless masses of ferric hy- 
droxide with scattered strands of Spirophyl- 
lum and Gallionella and here and there short 
pieces of Crenothrix threads. The Crenothrix 
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A. PHOTOMICROGRAPH OF OCHEROUS, GELATINOUS SCUM FROM 100-FOOT LEVEL, FEDERAL MINE, HAZEL GREEN. 

WIS, X 640. 

Shows irregularly twisted ribbon-like forms of SpirophyUum fcmiginatm, a few braidlike forms of GaUionetta femiffinea, aud a thread of 
Chlamydothrix ochracca with nodular projections. On the right is a double form of SpirophyUum. Unstained. 
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5. PHOTOMICROGRAPH OF DOUHLE TWISTED R1RRON-LIKE FORM OF SPIROPHYLLUM FKRRUGINEUM FROM 

CITY WATER, MADISON, WIS., X010. 



Dark raussns arr f-'rlulinous frrric hydroxide. IliisLaiucd. 
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A. PHOTOMICROGRAPH OF OCHEROUS SCUM FROM 300-FOOT LEVEL, JUDSON MINF, ALPHA, MICH., X610. 

Short twisted ribbon-like forms of SpirophyUum femiffineum mixed with irregular masses and scattered specks of granular and gelatinous 
ferric hydroxide. Some Spirophyllum is coated with granules of ferric hydroxide. On the left is a double twisted form. Unstained. 



B. PHOTOMICROGRAPH OF OCHEROUS SCUM FROM 200-FOOT LEVEL, JUDSON MINE, ALPHA, MICH., X610. 

Shows numerous small, irregularly twisted forms nf Spirophyllum frrrvainntm.. Near the bottom Un short form thickly coated with granular 
ferric hydroxide. Dark irregular masses are gelatinous ferric hydroxide. Unstained. 
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will grow and develop into long threads when 
placed in culture media, as previously de- 
scribed, but apparently no growth of Spiro- 
phyMvm and GaffioneUa takes place on the 
filter. 

Water pipes in cities where the water con- 
tains an appreciable amount of iron in solution 
are a common habitat of GaUioneUa, Spi- 
rophyllum,) and CrenotJvrix. In some places 
the precipitation of ferric hydroxide by the 
iron bacteria is so abundant that crusts are 
formed around the inside of the distributing 
pipes. These crusts increase in thickness until 
they completely fill the pipes and block the 
passage of the water. The material composing 
the crusts has been examined and has been 
found to contain large numbers of bacterial 
casts, so that little doubt exists as to its origin. 

It is claimed by some investigators that the 
growth of Crenothrix and associated iron bac- 
teria in city water pipes is not dependent on 
the original iron content of the water but is 
due to iron taken into solution from the pipes, 
and tbat the most abundant growth takes 
place in newly laid pipes. Doubtless the solu- 
tion of iron from distributing pipes is a con- 
tributing factor, yet it seems evident that some 
iron must be in solution originally or iron bac- 
teria would be found in all city waters and not 
confined to certain localities, in most of which 
the water is known to have a high original 
iron content. I have tried to find Crenothrix 
and other iron bacteria in distributing pipes 
where the water was obtained from lakes and 
had a low iron content but have been unsuc- 
cessful. 

Schorler, 1 while examining some iron crusts 
from pipes from the city of Dresden, found 
that pipes which were thickly encrusted on the 
inside with iron oxide and which had been in 
use for 30 years had suffered no corrosion on 
the inside underneath the iron crust. This con- 
dition he thought indicated that the iron form- 
ing the incrustation came from some source 
other than the pipes themselves and that the 
deposition on the walls occurred through the 
medium of iron bacteria, which here found a 
favorable place for growth. In this locality 
Schorler found that the organism responsible 
for the precipitation was principally GaJlio- 

1 Schorler, B., Die Rostblldungen in den Wasserleitunjjs- 
rtfhren: Centralbl, Bakterlologie, Abt. 2, Hand 15, pp. 504- 
568, 1906. 



netta, casts of Tjtfiich he found to. be abundant 
in the iron crust. 

Gallionella ferruginea may be likened to a 
hairpin the two ends of which have been 
twisted around each other. (See figs. 3, 7, and 
8, and Pis. V, VI, and VII, A.) Sometimes 
such a twisted form may be bent again in the 
middle and the two ends be twisted around 
each other, thus forming a rope of four single 
strands. (See PL VI, B.) In some indi- 
viduals the twisting is very loose, in others 
close. (See figs. 7 and 8.) I have found dif- 
ferent coiled forms to range in width from 1 
to 8^ micra. In individual coils the difference 
in width between the two ends may be as much 
as 1 micron. The longest coiled form that I 



Figure 7. — Loosely 
twisted, ropelike form 
of GaUionellc ferru- 
ginea. Drawing with 
camera luclda. X 

1,080. 



Figure 8. — Closely 
twisted, ropelike form 
of Qallionella ferru- 
ginea. Drawing with 
camera luclda. X 
1,080. 



have observed was about one-fourteenth milli- 
meter in length, or 70 micra. 

The single threads which compose these 
ropes or coils are very thin and have the same 
width throughout, although different individ- 
uals vary in size. The common range is from 
less than 0.5 to about 0.75 micron. The long- 
est single thread I have noticed was about 
0.05 millimeter in length. Most of the single 
threads which occur are probably detached 
parts of coils, for they generally show the 
spiral form. As in Spirophyllum, no differen- 
tiation has ever been noticed between the two 
ends of the threads of Gallionella, nor has any 
cell structure ever been distinguished. The 
organisms appear to be simple threads. 

Gall ion clla has a yellowish-brown to brown 
color. The ropelike forms are quite dark 
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brown, much darker than similar forms of 
Spirophyllum. 

The methods of reproduction of Gallionella 
have not been thoroughly studied. Migula 1 
describes the reproduction as taking place by 
the breaking off of parts of the threads, these 
being carried away by water currents to other 
localities and growing into new -threads. 
Ellis 2 claims that in addition to the above 
method of reproduction Gallionella also mul- 
tiplies by the external abstriction of conidia 
similar to Spirophyllum and the form which 
he describes as Leptothrix. In connection with 
Gallionella and Spirophyllum he describes the 
formation of abundant little projections all 
over the surface of the threads. In some indi- 
viduals their development is so profuse as to 
almost conceal the parent thread. These little 
projections after becoming separated from the 
thread are said to germinate and form new 
threads. I have frequently seen Gallionella 
and especially Spirophyllum covered with 
small light-brown spherical or somewhat ir- 
regular bodies of fairly uniform size such as 
Ellis describes but have never become con- 
vinced as to whether they are conidia or par- 
ticles of ferric hydroxide. Upon treatment 
with hydrochloric acid they disappear, as they 
would if they consisted of ferric hydroxide, 
yet it is true also that the entire thread is de- 
stroyed in a very short time by similar treat- 
ment. 

Schorler, 8 in connection with his investiga- 
tions on the formation of crusts of iron rust by 
Gallionella in the city water pipes of Dresden, 
found numerous strands of GaMonella in the 
outer portion of the crust, whereas the older 
interior portion of the crust consisted of a 
structureless mass of ferric hydroxide. He 
found that the individual strands of Gallio- 
nella had granular coatings of ferric hydrox- 
ide, which increased in thickness with the age 
of the strand and gradually caused its struc- 
ture to disappear. He describes the develop- 
ment of small hexagonal crystals of hydrated 
ferric oxide on the sides of the older threads 
and states that they gradually increase in size 
and incorporate within them the surrounding 
granules of ferric hydroxide. Their growth 
results in the gradual disappearance of the 



1 Migula, W., System der Bakterien, Band 2, p. 1031, 1900. 

2 Ellis, David, op. clt, pp. 505-507. 

3 Schorler, B., op. cit. 



strands and the development of the textureless 
ferric hydroxide mass typical of the older por- 
tion of the crust. 

From this and other descriptions it appears 
that various investigators have noticed the for- 
mation of granules and projections on GaMo- 
nella and Spirophyllum threads, but only 
Ellis has connected them with the formation 
of conidia. 

Spirophyllum feerugineum Ellis. 

Spirophyllum ferrugineum Ellis appears to 
be the most widespread of the iron bacteria. 
It occurs abundantly in iron-bearing surface 
waters, as well as in underground waters. It 
is almost always associated in greater or less 
abundance with other iron-depositing thread 
bacteria and frequently occurs where other 
iron-depositing thread bacteria are absent. 
With Leptothrix it is found in springs and 
clear stream waters, even where Leptothrix 
grows very profusely. With Crenothrix and 
Gallionella it is found in city water systems, 
and with Gallionella or Leptothrix it is' found 
in mine waters. In some iron springs and 
mines almost pure cultures of Spirophyllum 
occur, Leptothrix and Gallionella being en- 
tirely absent. 

I first encountered Spirophyllum abun- 
dantly in cultures obtained from the Federal 
mine, a zinc mine located near Hazel Green, in 
southwestern Wisconsin. (See Pis. VI and 
VII, A.) The mine workings are in the lower 
part of the Galena limestone, and zinc, lead, 
and iron sulphides occur with calcite in veins 
in the limestone. 

Waters issue from fissures and openings at 
numerous points in the mine. Where the cul- 
ture was obtained a little stream of iron-bear- 
ing water issued from a small fissure in the 
rock wall a short distance below a horizontal 
vein containing sphalerite, marcasite, and cal- 
cite. Below the opening, attached to the rock 
wall and forming a streak to the floor, was a 
soft gelatinous brown deposit of ferric hydrox- 
ide which had a maximum thickness of one- 
half inch and a maximum width of 2 inches. 
A short distance from this point a basin in the 
rock floor was filled with water and contained 
a thick brown deposit of ferric hydroxide. 
The material forming the streak beneath the 
fissure opening upon examination proved to 
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consist largely of Spirophyllum and Gal- 
lioneUa, with some Leptothrix or perhaps Con- 
idiot hrix. (See pp. 17-18.) Various forms of 
Spirophyllum were present, the most common 
being a wide, irregular, loosely twisted form. 
(See PL VI.) Other types are very regu- 
larly twisted and have the appearance of 
strings of beads. Their variation in size is 
considerable, some being almost as narrow as 
a single thread of Gallionella, whereas others 
are as wide as rope forms of GaHionella. 
Both single and double threads occur. 

Subsequently I obtained almost pure cultures 
of Spirophyllum on the 200 and 300 foot 
levels of the Judson mine, south of Crystal 
Falls, Mich. (See PL VIII.) This mine is 
located on a steeply dipping deposit of red 
hematite inclosed in slate walls. The foot- 
wall consists of dark-gray pyritic slates. 
Water issues from numerous small fissures 
throughout the mine and yellowish-brown 
gelatinous masses of iron bacteria are abundant 
along the drifts, both where they cut the slate 
and where they cut the ore. 

It seems probable that all the water issuing 
in the mine has at one time or another passed 
through the slate, and by its dissolving action 
on the disseminated iron sulphide and iron 
carbonate has become heavily loaded with iron. 
No analysis of the water has been made as yet, 
but it seems probable that the iron is in solu- 
tion mainly as ferrous bicarbonate, though 
perhaps a part of it may be in the form of 
ferrous sulphate. These waters issuing from 
the mine openings either in the ore deposit or 
along the slate walls give abundant oppor- 
tunity for the growth of bacteria. 

The question naturally arises, How do the 
iron bacteria come into the mines? Are they 
carried by the waters themselves through in- 
tervening soil and rock or are they brought 
down into the mine on mine timbers, tools, 
or machinery? I have seen cultures of iron 
bacteria in places in mines where it seems 
quite improbable that they could have been 
brought by any other agency than the water 
itself, and it does not seem at all impossible 
that they may have been carried downward 
by surface waters through the larger open- 
ings in the soil or rock for many hundreds 
of feet. This opens the interesting possi- 



bility that iron bacteria may be active in 
fissures or other large underground openings 
entirely unconnected with mines and may thus 
be instrumental in the formation of many of 
the fissure deposits and replacement deposits of 
iron ore which are so common. Their presence 
in such localities is of course difficult to prove 
unless they should be actually found in under- 
ground openings which are penetrated during 
mining operations. Such a phenomenon to my 
knowledge has not been observed, but it might 
easily escape notice unless particular attention 
were called to it. 

The cultures obtained from the Judson mine 
showed only Spirophyllum, and these were 
mainly in the form of short pieces of filaments. 
A peculiarity about these cultures, however, 
was that most of the filaments were thickly 
covered with small spherical bodies of the same 
brownish color as the filaments. (See fig. 9.) 
Whether these little bodies are granules of fer- 
ric hydroxide or whether they are conidia, as 
described by Ellis, has not been determined. 

The occurrence of Spirophyllum associated 
with Leptothrix and Gallionella at the Ken* 
nedy mine, on the Cuyuna range in central 
Minnesota, has already been described. 

In addition to these underground localities 
I have found Spirophyllum in a number of 
places in iron-bearing surface waters, but it 
occurs in clear, fresh waters rather than in 
stagnant bog waters like those in which Lep- 
tothrix is often found. 

In the Vermilion iron-ore district of north- 
ern Minnesota I obtained cultures of Spiro- 
phyllum from two iron springs, both issuing 
at the bases of extensive ridges, composed 
largely of banded jasper and associated green- 
stone. One of these springs is at the base of 
Soudan Hill, on the south shore of Vermilion 
Lake ; the other is at the western foot of Jasper 
Peak, a few miles south of Soudan. 

At the spring on Vermilion Lake the water 
issues from an iron pipe at the base of a ridge 
consisting mainly of greenstone and jasper and 
some slate. It empties into a small basin from 
which it flows down a short slope into the lake. 
Brown scum occurs in the basin and for some 
distance along the little rivulet down toward 
the lake. Where the water is quiet the brown 
scum lies on the bottom and elsewhere it is 
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attached to the sticks, grass blades, and other 
material lying in the water. The water has a 
strong iron taste. 

At the spring at Jasper Peak the water 
comes directly out of the hillside into a small 
basin from which it flows through a series of 
larger pools into a marsh. Jasper Peak con- 
sists mainly of banded jasper and associated 
greenstone. A yellowish-brown scum of iron 
bacteria occurs at the bottom of the basin at 
the mouth of the spring and also in the pools 
in the marsh. It is not gelatinous but rather 
in the form of a fluffy precipitate. 

When examined microscopically the scum 
of iron oxide from both of these localities is 
seen to contain an abundance of threads of 
Spirophyllum, but with these threads is as- 
sociated a large amount of brown flocculent, 
textureless material in large and small irregu- 
lar masses. ( See PI. IX, A . ) The textureless 
masses probably consist largely of ferric hy- 
droxide, but whether this material is precipi- 
tated by simple chemical action or whether its 
formation is due perhaps to the activity of 
lower forms of iron-depositing bacteria has not 
been determined. Probably it results from sim- 
ple oxidation. . The Spirophyllum, in these cul- 
tures is of medium size and has regular but not 
very close twisting. In general the threads 
are clear and do not have the deposits of gran- 
ular material on them that is so characteristic 
of the cultures from the Judson mine. How- 
ever, many of the granular masses of ferric 
hydroxide can be seen to contain spiral threads, 
these forming a sort of nucleus around which 
the ferric hydroxide collects. 

In the Eowe and Hillcrest mines, in the 
Cuyuna iron range, both of which are open- 
pit mines in red and brown hematite, seepages 
of iron-bearing waters issue from glacial sand 
and gravel which overlie the iron ore. The 
iron is taken into solution by the water while 
it is percolating through the sand and gravel, 
probably being derived from iron silicates, car- 
bonates, and sulphides disseminated through 
the glacial material. 

Thin coatings of yellowish-brown scum cover 
the pebbles over which the water flows and 
this material upon examination is seen to con- 
sist of Spirophyllum associated with more or 
less granular and flocculent ferric hydroxide, 
which is probably a chemical precipitate. In 
localities like these iron bacteria develop in a 



surprisingly short time, deposits being formed 
by them within a week after the glacial sand 
and gravel are laid bare by stripping opera- 
tions. 

In the Pennington open-pit mine a very- 
curious form of Spirophyllum was found. The 
water, which issues in the form of a small 
spring directly from the ore, apparently con- 
tains enough ferrous iron in solution to sup- 
port a growth of iron bacteria. The material 
collected was brown in color and contained 
some SpirophyUwm and algae. Upon standing 
for a week or so it became black, but over its 
surface a light-brown scum formed, which 
upon examination was found to consist of an 
almost pure culture of a variety of very small 
Spirophyllum. The threads are ribbon-like 
but very narrow and very loosely and irregu- 
larly twisted and are intergrown into a thick 
matting mixed with considerable granular 
ferric hydroxide. A great many of the threads 
show no twisting at all, and double ropelike 
threads are rare. There seems to be a great 
uniformity in the size of the threads, though 
here and there occur larger threads which re- 
semble the ordinary Spirophyllum seen in 
other cultures. 

At several points in the Pennington pit there 
are steel bars and rails which during the closed 
season for mining operations become sub- 
merged by water that accumulates in the pit. 
On several of these bars and rails I found 
beautifully developed porous tubercles of iron 
rust, which upon microscopic examination 
proved to contain abundant casts of Spirophyl- 
lum. (See PI. IX, 5, and fig. 13.) The great- 
est diameter of the tubercles is 2 inches or more 
at the base, and they rise from the surface of 
the bar or rail from a quarter to perhaps half 
an inch. The surface of such tubercles is 
formed by a thin, smooth, brittle film, and 
the interior consists of porous cellular ocherous 
material which on handling breaks up into 
fine powder. It is this material which contains 
abundant casts of Spirophyllum. Many of the 
casts still show the original texture of the 
threads clearly under the microscope, some of 
them being single and some double threads. 
Most of them, however, are thickly coated with 
granules of ferric hydroxide and appear like 
thick brown cords with rough surfaces. Some 
of these are twenty or more times the thick- 
ness of the original Spirophyllum. Frequently 



Digitized by 



Google 



U. 8. GEOLOGICAL SURVEY 



PROFESSIONAL PAPER 113 PLATE IX 



A. PHOTOMICROGRAPH OF OCHEROUS SCUM FROM IRON SPRING NEAR VERMILION LAKE, SOUDAN, MINN., 

X640. 

The dork irregulur masses are ferric hydroxide. With it are mixed numerous forms of Spirophyllum ferrugineum, some double and some 

single. Unstained. 
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B. PHOTOMICROGRAPH OF LIMONITE POWOKR FROM Tl BERCLK OF IRON RUST, x 6-10. 

Shows a number of sratfrreil forms of Spiroph [ilium /trwi/im nw and irregular masses and scattered specks of granular iron nist. 

Instaiiird. 
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A, CULTURES SHOWING THE PRECIPITATION OF FERRIC HYDROXIDE FROM SOLUTIONS OF FERRIC 

AMMONIUM CITRATE. 

1, Water with freshly dissolved ferric ammonium citrate; 2, water from Lake Mendota, Wis., with ferric ammonium citrate 
after standing oue month; 3, city water, Madison, Wis., which contained ferric ammonium citrate but from which the iron 
has been precipitated as ferric hydroxide; 4, water with hay infusion containing freshly dissolved ferric ammonium citrate; 
5, water with hay infusion which contained ferric ammonium citrate but from which the iron has been precipitated as ferrio 
hydroxide. 



7?. CULTURES SHOWING THE PRECIPITATION OF FERRIC HYDROXIDE FROM SOLUTIONS OF FERRIC 

AMMONIUM CITRATE. 

1, Water with freshly dissolved ferric ammonium citrate; 2. wafer from Luke Mendnta. Wis., which contained ferric ammonium 
citrate but from which the iron has Iwen precipitated as ferric: hydroxide; ,\, city water. Madison. Wis., which contained 
ferric ammonium citrate hut from which the iron has been precipitated as ferric hydroxide; 1. water from iron spring near 
Lake Ke^onsa, Wis., which contained ferric ammonium citrate but from which the iron lias been precipitated as ferric 
hydroxide; 5, distilled water with ferric ammonium citrate after standing one mouth. 
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they are intertwined to form networks. Be- 
sides the threads and cordlike forms an abun- 
dance of small specks and granules of ferric 
hydroxide occur, and also large irregular 
masses of granules which do not show the 
cordlike forms, 

Spirophyllum was originally cultivated in the 
laboratory by Lieske. 1 In his first attempt he 
used sand and old leaves obtained from a 
stream in which Spirophyllum occurred. He 
placed this material in a vessel, added to it a 
thin iron wire, and then filled the vessel with 
water from the public supply of the city of 
Dresden. In this manner he obtained an 
abundant growth of SpirophyUwm. Later he 
used an Erlemeyer flask containing water from 
the same system to which had been added a 
small amount of extract of old leaves and thin 
iron wire or coarse filings. After three or four 
days Spirophyllum had developed. By making 
transfers to sterile flasks he was able tb obtain 
approximately pure cultures. 

He finally obtained pure cultures in a 
specially prepared culture medium through 
which carbon dioxide was passed. The medium 
had the following composition: 

Composition of culture medium used by Lieske. 
(NH^SO* grams— 1. 5 



KC1 do 

MgS0 4 do 

KaHPO* do 

CaNO, do 

Distilled water cubic centimeters— 



.05 
.05 
.05 
.01 
1,000 



Erlemeyer flasks of 100 cubic centimeters 
each were filled up to 2 centimeters with this 
medium and after sterilization were allowed 
to stand in atmospheric air for two days. 
Coarse iron filings, which had been dry steri- 
lized at 160° C. for one hour, were then added, 
0.05 gram being used for each flask. The 
flasks were then inoculated with a small 
amount of culture of iron bacteria, placed 
under a bell jar in a cool place, and carbon 
dioxide was added up to 1 per cent. This re- 
sulted in the formation of ferrous bicarbonate 
in the solution to the amount of about 0.01 
per cent. Spirophyllum developed in four 
days. By repeated transfers to sterile flasks 
pure cultures were obtained. 

1 Lieske, Rudolf, Beitrfige zur Kenntnis der Pbysioloj?ie von 
Spirophyllum ferru(/incum Ellis : Jahrb. wiss. Botanik, Band 
49, pp. 01-127, 1911. 



Spirophyttupn occurs as flat unbranched rib- 
bon-like filaments twisted spirally about the 
longer axis. There appears to be no differen- 
tiation between the two ends of the filaments, 
and apparently no variation in the width or 
the thickness of the filament from end to end. 
Along the edges, however, they are somewhat 
thicker than along the center. Like Lepto- 
thrix, Spirophyllum is always colored yellow- 
ish brown to brown from the ferric hydroxide 
in the filament. I have not been able to stain 
it satisfactorily with any of the common 
aniline stains. 

The closeness of the spiral twisting of Spiro- 
phyllum varies with the individual; possibly 
there may be several species. Some filaments 
are very loosely twisted, but others are very 



N. 



N 



Figure 9. — Various forms of Spirophyllum ferrugineum. 
Drawing with camera luclda. X 650. 

closely twisted. In some the twisting is irreg- 
ular, varying in closeness in different parts of 
the filament, whereas in others it is very regular 
and diagrammatic. (See figs. 9, 10, and 11, and 
Pis. IV, B; V, A; VI, A; VII; VIII, A; and 
IX, A.) This difference may indicate a sepa- 
ration into different species. In some cultures 
there are numerous filaments which are bent in 
the middle and the ends of which have been 
twisted about each other around a common 
axis, as in Gallionella. In such an individual 
the two ends frequently form a fork, thus giv- 
ing it the appearance of a single branching 
filament. (See PL VII, .4.) More often, 
however, the two filaments forming such a 
thread can be traced with more or less distinct- 
ness. (See PL VII, B.) 

In the cultures examined I have found 
Spirophyllum to vary in width from 1 to 3 
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micra, the average width being perhaps a lit- 
tle over 2 micra. The longest filaments that 
have come to my notice were about 0.1 milli- 
meter in length. However, the filaments are 
very brittle and, like those of Leptothrix, are 
easily broken during mounting operations. 




Figure 10. — Irregularly, twisted forms of Spirophyllum fer- 
rugincum. Drawing with camera luclda. X 1,080. 



Up to the present time no cell structure has 
ever been observed in Spirophyllum by any in- 
vestigator. The organism appears to consist of 
simple, flat, ribbon-like filaments, undifferen- 
tiated in its parts and without visible interior 
structure. 

According to Lieske * the only method of re- 
production of Spirophyllum is by fragmenta- 
tion — that, is, by the breaking off of pieces of 
filaments and their growth into new filaments. 
Ellis, 2 however, claims that Spirophyllum re- 
produces by means of conidia, which grow as 
small spherical bodies on the flat sides of the 
filament and gradually become detached and 
are carried away, eventually germinating and 
forming new filaments. Ellis gives descrip- 
tions of the conidia and of their germination. 
Lieske, who did much careful work on the 
growth and isolation of Spirophyllum, does 
not credit these observations of Ellis, believing 
that what Ellis saw were probably foreign 
bodies attached to filaments of Spirophyllum. 

During my own observations I have found 
many cultures of Spirophyllum in which not 
a trace of the formation of conidia was visible. 
However, certain other cultures that I have 
examined, especially those from the Judson 
mine, show filaments of Spirophyllum which 
are covered with small spherical, elliptical, or 

1 Lieske, Rudolf, op. cit. 

2 Ellis, Dnvid. A contribution to our knowledge of the 
thread bacteria : Oentralbl. Bakteriologle, Abt. 2, Band 19, 
pp. 507-512, 1907. 



oval bodies, sometimes so thickly as to conceal 
the filament itself. (See fig. 12 and Pis. VIII 
and IX, A.) These bodies are colored brown 
just like the filament and average about two- 
thirds of a micron in diameter. I have not 
seen these bodies in the process of germination, 
so that I can not say whether they are 
conidia or whether, as seems more probable, 
they are small, chemically precipitated gran- 
ules of ferric hydroxide. Although usu- 
ally ferric hydroxide is precipitated in the 
form of structureless gelatinous masses, it is 
frequently found in the granular form as well. 
It also seems possible that these bodies might 
be lower iron-depositing bacteria of the coccus 
or bacillus types which live under the same 
conditions as Spirophyllum and might readily 
become attached to the filaments in large 
numbers. 

Spirophyllum was first described as a sepa- 
rate species by Ellis 8 in 1907. Previously it 
had been included under the species Gallionella 
first described by Ehrenberg in 1836, which 
included also other types of iron bacteria. 
After Leptothrix, Crenothrix, Clonothrix, and 
others had been described as distinct genuses, 
Ellis found that the organisms still grouped 
under the term Gallionella were of two types 
very closely related in 
occurrence and general 
characteristics. One 
of these consisted of 
a double twisted cylin- 
drical thread and the 
other of a twisted 
ribbon- like thread. 
He named the latter 
Spirophyllum ferru- 
gineum, applying the 
name Gallionella only 
to the cylindrical 
threads. Molisch, 4 in 
his work published in 
1910, does not accept 
Ellis's classification 
and believes that the 

two types distinguished by Ellis are merely 
different forms of the same organism. He 
calls the ribbon-like form Gallionella fer- 
ruginea var. lata. Lieske. in his work with 




Figure 11. — Single and 
double twisted ribbon- 
like forms of Spirophyl- 
lum ferrugincum. Draw- 
ing with camera luclda. 
X 1,080. 



3 Ellis, David, On the discovery of a new genus of thread 
bacteria (Spirophyllum frrrufjinrum Kills) : Roy. Soc. Edin- 
burgh Proc, vol. 27, pt. 1, p. 1*1, 1007. 

* Molisch, Hans, Die Eisenbakterien, 1910. 
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Spirophyttum, does not commit himself with 
regard to the classification but seems rather 
inclined to believe that Spirophyttum is 
a distinct genua He gives the differences 
between Gallionella and Spirophyttum as fol- 
lows: (1) Spirophyttum is ribbon-shaped 
whereas Gattionella is cylindrical. (2) Spiro- 




Fiodhu 12. — Irregularly twisted forms of Spirophyllum ferru- 
ffincum with granular coatings probably consisting of ferric 
hydroxide. Drawing with camera lucida. X 1,080. 



phyttum is not found with two strands twisted 
around each other, but only as single strands. 

(3) Spirophyttum is twisted around its own 
longitudinal axis whereas Gallionella is 
twisted around an axis outside of the thread. 

(4) Spirophyttum grows into longer threads 
than Gallionella. (5) In cultures of Spiro- 
phyllumn the typical form always develops and 
transitions to Gallionella are never seen. 
Lieske apparently never observed double 
strands of Spirophyllwm probably because he 
was working mainly with artificial cultures. 
In nearly all cultures growing under natural 
conditions double strands are very common. 
Spirophyttum, therefore, is twisted about an 
axis outside of the thread just as is Gallionella. 
The other differences between the two forms, 
however, exist. 

After examining cultures of iron bacteria 
from many different localities it appears to me 
that Ellis's view is probably reasonable. Al- 
though the two forms are undoubtedly closely 
related, there seem to be no gradational forms 
from one to the other and one form may be 
present in cultures to the exclusion of the 
other. There is, however, a danger of con- 
fusing double strands of Spirophyllwm with 
those of Gallionella. Usually the ribbon-like 
form of the threads is clearlv seen, but oc- 



casionally, where the twisting is very close, 
the dobule threads greatly resemble those of 
Gallionella. 

OTHER IRON-DEPOSITING BACTERIA. 

Besides the group of iron thread bacteria, 
the most important members of which have 
just been described, two groups of lower 
iron-depositing bacteria are commonly 
present in soils and natural waters — (1) 
those which precipitate ferric hydroxide 
or basic ferric salts, and (2) those which 
precipitate ferrous sulphide. To the first 
group belong Siderocapsa treubii and its 
relatives described by Molisch as being 
abundant in natural iron-bearing waters 
from which they deposit ferric hydroxide, 
and also certain other lower bacteria that 
occur in soils and natural waters and that 
precipitate ferric hydroxide or basic 
ferric salts from solutions of organic iron 
salts. To the second group belong the 
sulphate-reducing bacteria and the hy- 
drogen sulphide forming bacteria which 
are commonly present wherever decaying or- 
ganic matter is found. 

It has been known for a long time that many 
natural iron-bearing waters contain types of 
bacteria such as have* been described which 




Fioure 13. — Various forms of fossil Spirophyllum ferrugi- 
nctim from tubercle of iron rust. X 1,080. 

deposit ferric hydroxide, but it has not been 
known that practically all soils and all natural 
waters contain bacteria which are capable of 
precipitating ferric hydroxide or basic ferric 
salts from solutions of certain organic iron 
salts. These organisms are not iron bacteria 
proper in the sense that they require iron in 
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solution for their development It appears 
rather that they use other constituents present 
in the iron salts and that ferric hydroxide is 
thrown down as a waste product. In the 
course of my experiments I have noted the 
presence of such organisms in various natural 
waters, such as well water, lake water, river 
water, and spring water, and have also found 
them in different kinds of soil, such as silt, 
loam, clay, and sand. It seems probable that 
many of the common types of soil and water 
bacteria are active in the precipitation of ferric 
hydroxide or basic ferric salts from solutions 
which contain organic iron salts. 

Up to the present time I have succeeded in 
isolating several individual types which pre- 
cipitate iron. Although I have worked with 
different organic and inorganic solutions and 
have prepared cultures in liquid media that 
precipitated the iron from solutions of several 
organic iron salts, all the organisms which I 
have isolated and studied have been grown on 
solid media containing ferric ammonium ci- 
trate. Most of the other iron salts that I have 
used are unsatisfactory to work with, some, 
especially the inorganic salts, because they 
oxidize or hydrolyze too readily, and others be- 
cause they render the media unfavorable for 
growth because of their toxic nature, harmful 
reaction, or other characteristics. 

In experimenting with the precipitation of 
iron from solution by organisms it is, of course, 
necessary to use iron salts, which are readily 
soluble and which are not precipitated on ac- 
count of oxidation when exposed to the atmos- 
phere or when subjected to sterilization. Be- 
sides, the solutions must not be either too acid 
or too alkaline to sustain organic life. In my 
work I have used the following organic iron 
and manganese salts in culture media : 

Organic iron and manganese salts used in culture 
media. 

Reaction to litmus 

Ferric ammonium citrate Very slightly acid. 

Ferric citrate Acid. 

Iron acetate Acid. 

Iron lactate Slightly acid. 

Ferric oxalate Acid. 

Albuminized iron Neutral. 

Manganese citrate Acid. 

Manganese acetate Slightly acid. 

Of these salts I have found ferric ammonium 
citrate to be the most satisfactory, because ( 1 ) 



it is readily soluble, (2) it does not produce an 
unfavorable reaction, and (3) it is resistant to 
ordinary oxidation processes. 

The solutions of inorganic iron salts tested 
in attempts to produce cultures of ferric hy- 
droxide precipitating bacteria were ferrous 
sulphate, ferrous ammonium sulphate, ferrous 
carbonate, and ferric chloride. Deposits of 
ferric hydroxide formed in these solutions un- 
der some conditions but the formation was 
always readily explained as due to simple hy- 
drolysis or to oxidation and hydrolysis rather 
than to the action of organisms. 

The bacteria which produce hydrogen sul- 
phide and those which reduce ferrous sulphate 
and thus precipitate ferrous sulphide from 
solution have also long been known, and many 
of them have been isolated and studied. The 
formation of ferrous sulphide by the bacteria 
which produce hydrogen sulphide is due to 
the action of hydrogen sulphide on iron salts 
in solution or on ferric hydroxide previously 
precipitated, whereas with the sulphate-reduc- 
ing bacteria the formation is due to the re- 
moval of oxygen from the sulphate and this 
results in the precipitation of the sulphide 
directly. 

Hydrogen sulphide is formed by bacteria in 
two ways — by the decomposition of sulphur- 
bearing proteins and by the reduction of sul- 
phur. Many decay-producing bacteria have 
the power of changing organic sulphur com- 
pounds to hydrogen sulphide. When free sul- 
phur is present with decomposing organic mat- 
ter it is attacked through the action of bac- 
teria and reduced to hydrogen sulphide as 
well. Hydrogen sulphide reacts with any iron 
salts present and forms ferrous sulphide. 

A number of species of bacteria have been 
isolated which act on sulphates, reducing them 
to sulphides. Among these are Proteus wl- 
(jarU, Vibrio hydrosulfureus, and Spirillum 
desulfuricans. Some sulphate-reducing bac- 
teria have the power of reducing also thiosul- 
phates and sulphites. When the compounds 
thus attacked are iron compounds ferrous sul- 
phide is formed directly and precipitated. If 
sulphides of other metals are formed they may 
be attacked by carbon dioxide, and hydrogen 
sulphide may be formed. Hydrogen sulphide 
will then react with the iron salts to form 
ferrous sulphide. 
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Cultures were made in liquid and solid media 
of the bacteria which reduce sulphates and 
those which produce hydrogen sulphide. Or- 
dinary synthetic nutrient media were used for 
sulphate reducers, and ferrous sulphate was 
added for reduction to sulphide. Cultures of 
bacteria which produce hydrogen sulphide 
were made in solutions containing decompos- 
ing organic matter, organic iron salts such as 
iron lactate or iron tartrate being used as 
indicators of hydrogen sulphide formation. 

Experiments on the precipitation of ferric 
hydroxide and ferrous sulphide from solutions 
of iron salts by various species of lower bac- 
teria are described on the following pages. 

EXPERIMENTS ON PRECIPITATION OF IRON FROM 
SOLUTIONS BY BACTERIA. 

PRECIPITATION OF FERRIC HYDROXIDE AND BASIC 
FERRIC SALTS FROM FERRIC AMMONIUM CITRATE 
SOLUTIONS. 

It was noted by Prof. E. B. Fred, of the 
University of Wisconsin, that when ferric 
ammonium citrate was added to jars contain- 
ing water and marsh mud in which bacteria of 
various kinds were abundant, the deep reddish- 
brown color which it imparted to the solution 
disappeared after a few weeks, owing to the 
precipitation of the iron. It was supposed 
that this precipitation was caused by the 
activity of ordinary iron-depositing thread 
bacteria, and upon this supposition I started 
a series of cultures. 

The first experiments were performed with 
the object of determining whether pure natural 
waters had the same effect in precipitating the 
iron from ferric ammonium citrate solutions 
as impure muddy cultures, and whether this 
action varied with different kinds of natural 
waters. For this purpose three glass jars were 
each filled with 500 cubic centimeters of water, 
the first one being filled with water from Lake 
Mendota, the second with water from the city 
wells of Madison, Wis., and the third with hay 
extract — that is, water in which hay had been 
boiled. To each of these jars 2.5 grams of 
ferric ammonium citrate was then added. 
They were allowed to stand at room tempera- 
ture (about 18° C.) for one month and were 
then photographed. (See PI. X, A.) The re- 
sults are well shown in the photograph. Jar 
No. 1 shows the appearance of the freshly pre- 



pared ferric ammonium citrate solution in 
clear wateT, and jar No. 4 shows the same in 
hay extract. Jar No. 2 contains water from 
Lake Mendota with ferric ammonium citrate. 
It shows that decided bacterial action has 
taken place after one month, but no precipitate 
has formed. This jar was allowed to stand for 
another month and at the end of that time the 
iron had been completely precipitated. Jar 
No. 3 contains water from Madison city sup- 
ply, which has had the same treatment as jar 
No. 2. It will be seen that in this jar the 
iron had been completely precipitated after 
one month, the solution being perfectly clear 
and transparent. Tufts of ferric hydroxide 
are attached to the inside surface of the jar 
and a thick deposit of ferric hydroxide with 
perhaps some basic ferric salts occurs at the 
bottom. Jar No. 5 contains extract of hay 
which has had the same treatment as jars Nos. 
2 and 3. It will be seen that here also com- 
plete precipitation of the iron has taken place 
within one month, leaving a clear solution, 
which, however, is somewhat darker on ac- 
count of the hay extract it contains. 

Having obtained these results it was thought 
best to duplicate the experiment with slight 
variations. A set of four jars was therefore 
prepared, each being filled with 500 cubic centi- 
meters of a different type of water. Two and 
one-half grams of ferric ammonium citrate 
were added to each. Two of these jars con- 
tained water from Lake Mendota and from the 
Madison city supply as before. A third, how- 
ever, was filled with water from an iron spring 
near Lake Kegonsa, about 14 miles southeast 
of Madison. This spring contained an 
abundant growth of Leptothrix. A fourth jar 
was filled with distilled water. The jars were 
allowed to stand at room temperature and were 
photographed after five weeks. ( See PI. X, B. ) 

Jar No. 1 again shows the appearance of the 
freshly prepared solution of ferric ammonium 
citrate in clear water. Jar No. 2 and jar No. 3 
show the action of water from Lake Mendota 
and from the Madison city supply respectively 
on ferric ammonium citrate in solution. Both 
waters precipitated the iron after four weeks. 
The masses of ferric hydroxide and perhaps 
some basic ferric salts are seen at the bottoms 
of the jars. Jar No. 4 contained iron spring 
water. The precipitation of ferric hydroxide 
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took place in this jar also after about four 
weeks. Jar No. 5 contains distilled water with 
ferric ammonium citrate in solution. Some 
bacterial action has taken place after five 
weeks, as is shown by the darkening of the 
solution. Complete precipitation of ferric 
hydroxide in this jar, however, did not take 
place until after about seven or eight months. 

In order to see whether soil would have the 
same effect as natural waters on iron am- 
monium citrate in solution, several flasks con- 
taining 500 cubic centimeters of water with 2.5 
grams of ferric ammonium citrate in solution 
were each inoculated with 20 grams of a dif- 
ferent kind of soil — a black loamy soil, brown 
sandy soil, or clayey soil. Precipitation of 
ferric hydroxide took place in these jars after 
about two weeks, which showed a more rapid 
action with soils than with natural waters. 

Although the results of the preceding ex- 
periments seemed to show fairly conclusively 
that the precipitation was due to biologic 
agencies rather than to chemical processes, it 
seemed best to make sure of this point. There 
are some iron salts, especially inorganic but 
also organic, in which precipitation occurs on 
account of oxidation or on account of hydroly- 
sis, the precipitates consisting either of ferric 
hydroxide or of basic organic or inorganic fer- 
ric salts. In order to show conclusively that the 
precipitating action was due to biologic agen- 
cies, the following experiment was performed. 
Two sets of five flasks of 1,000 cubic centime- 
ters capacity were prepared with culture solu- 
tions, one set being a duplicate of the other. 
Each of the flasks contained 500 cubic centi- 
meters of water in which 2.5 grams of ferric 
ammonium citrate were dissolved. The dif- 
ferences between the culture solutions in the 
different flasks were as follows : The first flask 
in each set contained water from the city sup- 
ply of Madison, Wis. ; the second, water from 
Lake Mendota; the third, water from the iron 
spring near Lake Kegonsa; the fourth, water 
inoculated with 20 grams of garden soil ; and 
the fifth, distilled water. One of these sets 
was sterilized, so as to stop all organic action, 
whereas in the other set the organisms were 
allowed to develop freely, as in the previous 
experiments. The flasks are shown in Plate 
XI, those of the lower row being sterilized 
duplicates of those of the upper row. The 
sterilization consisted in heating the flasks and 



contents in an autoclave at 130° C. for lfi 
minutes. 

Both sets of flasks were allowed to stand at 
room temperature for four months, at the end 
of which time the photograph was taken. As 
may be clearly seen, the contents of the lower 
row of flasks have suffered no change, whereas 
in the upper row the contents of all the flasks 
except the fifth have suffered complete pre- 
cipitation of the iron in solution. The fifth 
flask, which contains distilled water, shows 
only a darkening of the solution. The time of 
precipitation varied in the different flasks. 
The water from the city supply of Madison 
precipitated the iron from solution in about 
two months, the water from Lake Mendota in 
about seven weeks, the iron spring water in 
about one month, and the soil infusion in about 
two weeks. 

This experiment showed conclusively that 
the sterilized material did not suffer precipita- 
tion of the iron in solution. There still re- 
mained the possibility, however, that during 
the process of sterilization the iron salt in 
solution might have suffered some change 
which rendered it less subject to hydrolysis. 
To investigate this possibility several of the 
sterilized solutions, after having stood for 
four months, were reinoculated with a small 
amount of fresh soil infusion. This resulted 
in the precipitation of the iron within a very 
short time and showed beyond doubt that the 
precipitation of the iron was due to biologic 
agencies. 

While these experiments were being con- 
ducted the precipitates were frequently ex- 
amined. The material forming the deposits 
was reddish brown and flocculent and resem- 
bled the ferric hydroxide which is precipi- 
tated when ammonium hydroxide is added 
to a solution of a ferric salt, such as ferric 
chloride or ferric nitrate. It usually settled to 
the bottom of the containing vessel and after 
standing for some time became compacted 
into a fluffy, gelatinous deposit. After pro- 
longed standing it contracted and changed 
from reddish brown to dark brown in color. 

At the outset it was supposed that upon mi- 
croscopic examination this material would be 
found to consist mainly of matted threads of 
iron bacteria such as I had already seen in 
gelatinous iron scums from many localities. 
I found, however, that the precipitate ap- 
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CULTURES SHOWING THE EFFECT OF STERILIZATION IN THE PRECIPITATION OF FERRIC HYDROXIDE FROM SOLUTIONS OF FERRIC 

AMMONIUM CITRATE. 

Upper row. natural waters which contained ferric ammonium citrate but from all but one of which the iron has 1mm*ii precipitated as ferric hydroxide by bacteria; lower 
row. different wuters containing ferric ammonium citrate in solution which were sterilized before bacteria had an op|H>rtuiiity to prceipitate the iron. The flasks of 
the lower row are duplicates of those of the upper row. The lirst flask in each row contain* Madison city water; the second, water from Luke Mcudota; the third, 
iron-spring water; the fourth, water with soil; and the fifth, distilled wuter. 
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A. PETRI DISHES SHOWING COLONIES OF LOWER BACTERIA WHICH PRECIPITATE 
FERRIC HYDROXIDE FROM AGAR CONTAINING FERRIC AMMONIUM CITRATE. 
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B. PHOTOMICROGRAPH OF A PURE CULTURE OF ONE TYPE OF LOWER BACTERIA WHICH HAS THE POWER 
OF PRECIPITATING FERRIC HYDROXIDE FROM SOLUTIONS OF FERBIC AMMONIUM CITRATE, X 1,310. 

Stained with rurbol fuchsin. 
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allowing culture solutions, the first 
nthetic medium and the second an 
utrient medium : 



*>.ii uxicnij^i »ao mavic iu vicifi mint* me umii- 

position of the material precipitated from 
solution by a pure culture of this bacillus. 
For this purpose two flasks were prepared 



ai 
w 



o obtain a pure culture in solution of the 
acillus 8hoicn in Plate XII, B. 

Flask No. 1. 

grams — 0. 5 

do . 5 

do . 5 

do . 2 

do . 5 

nium citrate do 10. 

:er cubic centimeters— 1,000 

Fluk No. S. 

rstoff grams— 7. 5 

;er cubic centimeters 250 

• 2 hours in a steamer and filtered ; 1,000 
eters distilled water and 10 grams ferric 
itrate then added to filtrate. 

itions were both sterilized in the 
ind then were inoculated from pure 
The synthetic solution showed pre- 
:>f the iron after an incubation pe- 
rn t five weeks at room temperature 

to 19° C.) The Heyden Nahrstoff 
owed no precipitation of iron even 
iod of four and a half months. The 

from the synthetic solution was 
y W. G. Crawford, University of 
with the following results : 

H8 of precipitate from flask No. 1. 
[Dried at 105* CI 

(FeiO.) 65.00 

icid (P*O b ) 7.60 

iter (H,0) 27.20 

) Trace. 

) * Trace. 

K) None. 

) None. 

fMg) None. 

gHb) None. 

jjfp-£NOO None. 

lalysis with the 
npitate obtained 
jqlution of ferric 
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tufts on the sides of the bottle and a thin layer 
on the filter paper. Mold mycelia developed 
abundantly in this upon standing. A thin 
brittle brownish film formed over the surface 
of the solution. The solution became colorless 
but remained turbid. 

In the ferric citrate solution precipitation was 
^Qfily partial at the end of two weeks but was 
complete in about three weeks. The precipi- 
tate consisted of flocculent black material, 
which formed a layer about one-fourth inch 
thic^jk on the filter paper. The nature of the 
precipitate is unknown. It may have been 
hydlpus ferrous sulphide. A dark-brown to 
black' thin brittle film developed on the sur- 
face of the solution and from it a matting of 
.black ^laments, probably mold, extended down 
into the solution. Mold mycelia also developed 
abundantly in the black precipitate on the filter 
paper, as shown by microscopic examination. 
Tlie solution became clear and colorless. 

The ferric oxalate solution gave a very thin, 
light-brown deposit on the filter paper and on 
the *ides 6^ the bottle in about one and one- 
half greeks. ,The nature of the deposit was not 
determined. *,A thin brown brittle film formed 
on th^ surface of the solution. The solution 
becam^rslightlv turbid and retained a brown- 
ish tinge even after standing for two months. 

In the iron lactate solution the precipitation 
did not begin u^til after two or three weeks 
and was not complete even after two months. 
The precipitate Ttas brownish red and floccu- 
lent and settlejj.v^y §Jowly on the filter paper, 
so that at llie end of tw> months the deposit 
was nearly one-h#lf inch Sn^thickness. Small 
masses attached themselves to the sides of the 
bottle. The solution r%jpained hgkt brownish 
owing to fine, suspendetf,^flocculent^Aterial. 
Upon microscopic examination the precipitate 
was seen to consist mainly of colloidal material 
with here and there mold mycelia, some of 
which had a brown coating. The precipitate 
probably consisted of ferric hydroxide and 
more or less basic iron lactate. 

From the iron acetate solution a flocculent 
reddish-brown material was precipitated in 
about a week and formed a fluffy layer about 
three-fourths inch thick on the filter paper. 
After a period of several weeks molds de- 
veloped abundantly in this deposit and some 



became coated with a thick brown deposit The 
precipitate probably consisted chiefly of a mix- 
ture of basic ferric acetate with some ferric hy- 
droxide. It seems likely, to judge from later 
experiments, that the precipitation in this ex- 
periment resulted from hydrolysis rather than 
from bacterial action. 

The solution of iron albuminate began to 
ferment a day or two after it was prepared. 
It gradually became black and a thick brown 
scum formed on the surface. The changes 
probably resulted from complex processes of 
decomposition due to the presence of albumin. 

No precipitation occurred in the solutions of 
manganese salts, but molds developed abun- 
dantly. .In the manganese citrate solution mold 
mycelia developed as black filaments forming 
a matting below a light-brown brittle surface 
film-* This growth eventually dropped to the 
bottom and formed a dark-gray deposit on the 
filter paper. Besides mold mycelia this deposit 
was found to contain filaments of algae anjl 
protozoa. In the manganese acetate solution 
the mold grew as a white, woolly matting on 
the filter paper. The deposit gradually be- 
came darker and more compact. The solution 
remained clear in both experiments. 

The results in general showed that precipi- 
tation of ferric hydroxide and basic ferric 
salts took place in solutions of other organic 
iron salts besides ferric ammonium citrate but 
that the time and manner of precipitation 
varied in different solutions. They also 
showed that manganese was not precipitated 
from solution in the same manner as iron, al- 
though microorganisms developed abundantly 
in solutions of organic manganese salts. 

It now became necessary to determine 
whether the precipitation from these iron solu- 
tions was due to chemical action or to the ac- 
tivity of organisms. For this purpose another 
ftet of solutions was prepared in the same way 
as t^e stet just described except that iron al- 
buminate was omitted. After inoculation with 
ioiFihe cul turns were sterilized in an auto- 
clave. The stertlization produced a slight 
change of color in some of the solutions, and 
in the iron acetate solution it caused the forma- 
tion of a reddish-brown flocculent precipitate 
due to hydrolysis. This precipitate probably 
consisted mainly of basic ferric acetates and 
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appeared to be similar to that formed in the 
iron-acetate culture already described. The 
solutions were allowed to stand for six weeks 
at room temperature, and during this period 
did not alter their appearance. At the end of 
six weeks the solutions were reinoculated by 
adding 1 cubic centimeter of fresh soil infusion 
to each, and were allowed to stand under the 
same conditions as before for another period 
of six weeks. 

Precipitation in the ferric ammonium citrate 
solution took place in about one week after 
the inoculation, but in the other solutions the 
precipitation was slower. At the end of six 
weeks, however, precipitates had formed in 
all the iron solutions, and molds were growing 
in the manganese solutions. The precipitate 
from the ferric citrate solution was flocculent 
and brownish yellow in color and formed a 
coating over the layer of soil. The precipitates 
from the other iron solutions (iron lactate, 
ferric oxalate, and ferric ammonium citrate) 
were very similar to those which occurred in 
the previous cultures that had not undergone 
sterilization. In general they formed brown, 
flocculent deposits. 

After obtaining precipitates from solutions 
containing organic iron inoculated with soil, 
under different conditions as described above, 
several attempts were made to obtain precipi- 
tates from solutions of these salts in natural 
waters. However, no precipitation occurred, 
although some of the cultures were allowed 
to stand for six months at room temperature. 
At the end of this period only a slight turbid- 
ity was noticeable in some of them. 

Attempts to isolate bacteria which might 
cause precipitation of ferric hydroxide or in- 
soluble basic ferric salts from ferric oxalate 
and iron lactate solutions were also unsuccess- 
ful. Pure cultures of bacteria obtained from 
agar containing ferric ammonium citrate wej» ; 
transferred to slopes of Hey den .Nahj^off 
agar containing ferric oxalate and irofc lac- 
tate, but no growth took placer Later plates 
of the same agar and also of plain bouillon 
agar were inoculated directly with .a /fresh in- 
fusion of soil, but no colonies either of bacteria 
or molds formed on the plates, although plates 
of agar containing ferric ammonium citrate 
that were inocblated at the same time from 
the same soil infusion showed abundant 



growth. Whether this experiment indicates 
that bacteria do not grow in the presence of 
ferric oxalate and iron lactate and that the 
precipitation in the solutions was due to the 
action of molds which do not grow readily on 
solid media is difficult to say. It is very desir- . 
able that further work should be done along 
this line with other organic iron salts, such ftm 
iron tartrate, iron formate, iron butyrate, iroft^ 
malate, iron ammonium tartrate, iron mag- 
nesium citrate, and others. Only in this way 
is it possible to determine how general i£ the 
precipitation of insoluble iron compounds ffrom 
solutions of organic iron salts by micro- 
organisms. From the experiments performed 
it seems reasonable to suppose that it is fairly 
general and that in certain cases bacteria am 
responsible and in other cases molds. 

PRECIPITATION of ferric hydroxide and BAGfLO 
FERRIC SAl/TS FROM SOLUTIONS CONTAINING AN- 
ORGANIC IRON. / 

, . / 

Several attempts were made to obtain, ij\ so- 
lutions of inorganic iron salts, cultures of bac- 
teria from soil and natural waters other than 
the iron thread bacteria already described. It 
seemed possible that Siderocap^a^ described by 
Molisch * as being a very abundant water bac- 
terium, or Bacillus J/. 7, described by Mum- 
ford, 2 might be cultivated in v artificial media 
containing inorganic iron salts. It seemed pos- 
sible also that other lower bacteria might exist 
in the soil or natural watefs'trhich could use 
constituents present. In certain inorganic iron 
salts with the result that ferric hydroxide or 
basic ferric salts would be precipitated. Such 
a process, would be analogous to that just de- 
scribecHls occurring when ferric hydroxide or 
basic ferric salts are precipitated from solu- 
tions of organic iron salts through the action 
of microorganisms. 

However, my attempts to obtain such cul- 
tures have all been unsuccessful. Although 
precipitation of insoluble ferric compounds 
occurred in nearly all the inorganic iron solu- 
tions used, this precipitation seemed to be due 
to oxidation and hydrolysis or to hydrolysis 
alone, rather than to biologic processes. A 

1 Molisch, Hnns, Die Eisonbnkterlen, pp. 11-14, 1910. 

2 Mumforrl, E. M., A new iron bacterium : Chem. Soc. 
Jour., vol. 103, pp. 045-050, 1913. 
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brief statement concerning the solutions used 
and the results obtained is given below. 

The inorganic iron salts used in the experi- 
ments were ferrous sulphate (FeSOfTHjO), 
ferrous ammonium sulphate (FeS0 4 (NH 4 ) 5 - 
SO 4 .6H t 0), ferrous carbonate (FeCO a ), and 
ferric chloride (FejCle./iHjO). All of these 
solutions when allowed to stand where oxygen 
from the atmosphere was accessible became 
oxidized or hydrolyzed, forming yellow or yel- 
lowish-brown ocherous precipitates consisting 
either of ferric hydroxide or of a mixture of 
ferric hydroxide and basic ferric salts. 

Attempts to make bacterial cultures in fer- 
rous sulphate solutions were made with differ- 
ent strengths of solutions from very dilute to 
saturated. Yellowish-brown flocculent ocher- 
ous precipitates formed in all of them, and 
these were examined with the microscope from 
time to time for evidences of the presence of 
microorganisms. The precipitates in general 
had a granular appearance under the micro- 
scope, the granules being brownish yellow in 
color and somewhat rounded and fairly regu- 
lar in size and shape. However, mixed with 
this granular material, many of the precipi- 
tates showed large irregular masses of a light- 
colored, textureless colloidal substance, resem- 
bling in appearance, though not in color, the 
precipitates formed in solutions containing 
organic iron or those formed by adding am- 
monium hydroxide to inorganic ferric salts, 
such as ferric chloride. The only organic 
forms found in the precipitates were scattered 
threads of mold mycelia, which were found in 
one or two of them after standing for several 
weeks. 

It seems possible, of course, that the floccu- 
lent granular precipitate itself was the result 
of bacterial action, as is the flocculent, reddish- 
brown precipitate which fortns in the organic 
iron solutions. However, with the inorganic 
iron salts sterilization apparently has no effect 
on the precipitating action, except that with 
some of them it hastens precipitation. 

Montfort, 1 as has been stated (p. 9). claims 
that Leptothrix develops in solutions of fer- 
rous sulphate, but I have not been able to 
identify it in my cultures. Up to the present 
time I have found no microorganisms with the 

1 Montfort, W. F. t Dry food of ehoraioals in water purifica- 
tion : Jour. Am. Waterworks Assoc, vol. 2. pp. 200-206, 
1915. 



exception of molds in any cultures prepared 
with inorganic iron salts except those con- 
taining ferrous bicarbonate. 

The precipitation of ferric hydroxide and 
basic ferric salts from solutions of ferrous 
sulphate differed from that taking place in 
organic iron solutions likewise in that it was 
not complete. A flask containing 750 cubic 
centimeters of water in which were dissolved 
3.5 grams of ferrous sulphate was allowed to 
stand under oxidizing conditions for 6 months. 
An abundant precipitate of yellowish-brown 
ocherous material formed during this period, 
but much ferrous sulphate remained in solu- 
tion at the end of this time, as was shown by the 
flocculent, light-green precipitate of ferrous 
hydroxide (Fe(OH) 2 ), which formed upon 
the addition of ammonium hydroxide to the 
solution. 

An interesting experiment was performed 
with solutions of ferrous ammonium sulphate 
inoculated with soil. Three bottles each con- 
taining a solution of 2 grams of ferric am- 
monium sulphate in 300 cubic centimeters of 
water were inoculated with 20 grams of soil. 
One of the bottles was left where oxygen of 
the atmosphere had free access to the solution, 
but the other two, one of which was sterilized, 
were attached to an apparatus generating car- 
bon dioxide, and the solutions they contained 
were kept saturated with carbon dioxide. Pre- 
cipitation began in the first bottle within 15 or 
20 minutes after the solution was prepared, 
and in two or three days a deposit of yellow* 
ish-brown ocherous material covered the layer 
of soil and the inside of the bottle. The solu- 
tions saturated with carbon dioxide, however, 
showed no precipitation and no cloudiness, al- 
though they were left for several weeks con* 
nected with the apparatus that generated car- 
bon dioxide. When they were finally discon- 
nected, however, and the solutions became ac- 
cessible to oxygen of the atmosphere a yellow- 
ish-brown, ocherous precipitate formed in a 
short time in both the sterilized and un- 
sterilized solutions. This experiment showed 
that the precipitation of ferric hydroxide from 
solutions of ferrous ammonium sulphate was 
due to simple oxidation and hydrolysis. 

Mumford describes the isolation of a bacillus 
from the water of the tunnels on the Bridge- 
water Canal, near Worsley, Lancashire, Eng- 
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land, which is strongly charged with iron, ow- 
ing to the entrance of iron-bearing colliery 
waters. He states that he made cultures of this 
organism in solutions of both ferric ammonium 
citrate and ferrous ammonium sulphate, and 
found that it precipitated ferric hydroxide in 
24 to 36 hours at 37° C. The strength of the 
solutions used was 0.05 per cent, and they con- 
tained 0.005 per cent of peptone. He states 
that in both solutions the precipitation took 
place only under aerobic conditions and that 
the precipitation was complete, no iron re- 
maining in solution. Under anaerobic condi- 
tions he found that precipitation did not take 
place, but that freshly precipitated ferric hy- 
droxide was changed under these conditions to 
black compact bog ore. 1 

The results obtained by Mumford with fer- 
ric ammonium citrate solutions are similar to 
those which I have already described as ob- 
tained with various solutions containing or- 
ganic iron, except that in my experiments I 
was able to cause the precipitation both under 
aerobic and anaerobic conditions. In my ex- 
periments, also, the complete precipitation re- 
quired a longer period of time. The results 
obtained with ferrous ammonium sulphate, 
however, are difficult to understand, because, 
as I have shown, precipitation takes place in 
this solution under oxidizing conditions, 
whether organisms are present or not, whereas 
in the absence of oxygen precipitation appar- 
ently does not take place. It is difficult to see 
under what conditions Mumford conducted 
his experiments in order to determine that it 
was the organism and not simple oxidation 
that caused the precipitation. 

Experimentation with solutions of ferrous 
bicarbonate is somewhat difficult, because of 
the difficulty of getting ferrous carbonate into 
solution, and because of the small amount ca- 
pable of being taken into solution even under 
favorable conditions. It is difficult also to re- 
tain it in solution because of its susceptibility 
to oxidation. A common way of obtaining 
solutions of ferrous bicarbonate is to place iron 
filings in water which is kept saturated with 
carbon dioxide. In this manner ferrous bi- 
carbonate may be obtained in solution up to 



1 Mumford, E. M., A new iron bacterium : Chem. 
Jour., vol. 103, pp. 645-650, 1913. 
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about 0.01 per cent. 2 It is much more satis- 
factory, however, to work with natural iron- 
bearing waters. The oxidation and precipita- 
tion, however, take place very rapidly in such 
waters. A natural solution of ferrous bicar- 
bonate which contained 5.0 parts per million 
of ferric oxide in the form of ferrous bicar- 
bonate was left in a bottle with a rubber stop- 
per. It soon became cloudy, and a yellowish- 
brown precipitate began to form in about an 
hour and continued forming for several days. 
After about 10 days only 0.2 part per million 
of ferric oxide remained in solution. The pre- 
cipitate which formed was examined micro- 
scopically and was found to consist of light 
yellowish-brown semitransparent gelatinous 
ferric hydroxide with strands of iron thread 
bacteria, chiefly Leptothrix. The presence of 
the gelatinous ferric hydroxide would seem to 
indicate that the precipitation at least in part 
was due to simple oxidation. The presence of 
Leptothrix is explained by the fact that it 
occurred in the spring from which the water 
was taken. 

A dilute solution of ferric chloride in nat- 
ural water was allowed to stand at room tem- 
perature for several months with free access of 
oxygen of the atmosphere. A brownish-yellow 
precipitate, probably ferric hydroxide, similar 
to that which forms in inorganic ferrous solu- 
tions, formed in it. There was no evidence of 
bacterial action. This precipitate is notable, 
for normally upon the oxidation of ferric 
chloride by the addition of ammonium hydrox- 
ide a brownish-red, flocculent precipitate of 
ferric hydroxide forms. After two or three 
months apparently no ferric chloride remained 
in solution. * 

PRECIPITATION OF FERROUS SULPHIDE FROM 
SOLUTION'S CONTAINING IRON. 

The precipitation of ferrous sulphide (FeS) 
from iron-bearing solutions occurs abundantly 
under the influence of microorganisms. It 
takes place under reducing conditions and 
usually in the presence of abundant decaying 
organic matter. The formation is usually due 
to the action of hydrogen sulphide (H 2 S), 

•Lioske, Rudolf, BeltrHge zur Kenntnis der Physlologie 
von Fpirophjillum frrruplneum Ellis, einen typischen Eisen- 
baktorium : Jahrb. wiss. Botanik, Band 49, pp. 91-127, 1911. 
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formed under these conditions, on ferrous salts 
in solution, but may be due also in part to the 
reduction of iron salts of sulphurous or sul- 
phuric acid. Ferrous sulphide may be formed 
in four distinct ways. 1 (1) Hydrogen sulphide 
is commonly produced by the decomposition of 
sulphur-bearing proteins in organic matter, 
due to the action of various decay-producing 
bacteria. By reaction with a ferrous salt in 
solution ferrous sulphide is precipitated by it. 
(2) Certain bacteria, commonly known as sul- 
phate reducers, have the power, in the presence 
of decaying organic matter, of taking the oxy- 
gen away from sulphites, sulphates, or thio- 
sulphates, and reducing them to sulphides. If 
these compounds happen to be compounds of 
iron, ferrous sulphide is formed directly. (3) 
If, however, some other sulphide, such as cal- 
cium sulphide (CaS), is formed in this man- 
ner, it may react with carbon dioxide and 
water to form hydrogen sulphide, according to 
the following reaction : 2 

CaS-fC0 2 +H 2 0=CaC0 3 +H 2 S 

The hydrogen sulphide thus formed may then 
react upon ferrous salts in solution, precipi- 
tating ferrous sulphide. (4) Certain bacteria, 
in the presence of decaying organic matter, act 
directly upon free sulphur, reducing it to hy- 
drogen sulphide, which may precipitate ferrous 
sulphide (FeS), if iron salts are present. 

Hydrogen sulphide is formed from decay- 
ing sulphur-bearing proteins, either by proc- 
esses of reduction or by the splitting off of 
the hydrogen sulphide molecule as a hydro- 
lytic cleavage product. The power of produc- 
ing hydrogen sulphide from protein is common 
not only to practically all the putrefying bac- 
teria but is possessed also by various other 
bacteria which use proteins as food. The for- 
mation is accelerated by the absence of oxygen, 
and is also favorably influenced by the pres- 
ence of peptone. 

The production of hydrogen sulphide from 
organic matter may be shown by hanging lead 



1 Omellanski, W., Der Krelslauf des Schwefels, in F. La- 
far's Handbuch der Technlschen Mycologle, Band 3, pp. 
214-220, 1904-100G. 

Lipman, J. G., Microbiology of soil, in Marshall's Micro- 
biology, pp. 288-290, 1912. 

Phelps, E. B., Microbiology of sewage, in Marshall's Micro- 
biology, pp. 217-218, 1912. 

1 Lipman, J. G., op. clt, p. 290. 



foil in a flask in which some organic matter is 
decomposing. Hydrogen sulphide will com- 
bine with lead, producing lead sulphide 
(PbS), which will form as a black coating 
on the lead foil. In solid media iron salts are 
used as indicators of the presence of hydrogen 
sulphide. Thus, 3 per cent of iron tartrate or 
iron saccharate in bouillon-peptone-gelatin in- 
dicates the presence of hydrogen-sulphide pro- 
ducers by the formation of iron-sulphide halos 
around the colonies. 8 

The method of the formation x>f hydrogen 
sulphide from decaying protein is not defi- 
nitely known. If formed as a product of re- 
duction it may result from special activities 
inherent to the protoplasm of the microorgan- 
isms or it may be due to the reducing action of 
other products, such as hydrogen, which micro- 
organisms form. Where hydrogen sulphide 
forms as a direct cleavage product, it is sup- 
posed that the molecule was present in the 
protein as such and was released by bacterial 
action. However, the composition of protein 
is very imperfectly understood, and its decom- 
position is largely a matter of conjecture. 

The reduction of sulphates, thiosulphates, 
and sulphites by sulphate-reducing bacteria 
commonly produces metallic sulphides but is 
usually accompanied also by the formation of 
considerable quantities of hydrogen sulphide. 
This is probably due to the fact that carbon 
dioxide present acts upon the metallic sul- 
phides immediately upon their formation, pro- 
ducing hydrogen sulphide. A considerable 
number of bacteria probably have the power 
of reducing sulphates, among which the best 
known 4 are Vibrio hydrosulfureus and Bac- 
terium hydrosulfureum pontievm, isolated 
from the Black Sea muds by Selinsky and 
Brussilowsky, Proteus vulgaris and Bacillus 
mycoides, shown by Nadson to reduce calcium 
sulphate to calcium sulphide in the presence of 
a limited supply of oxygen, Spirillum desul- 
furicans, proved by Beijerinck 5 to reduce sul- 
phates energetically, and Microspira aestuarii, 
a form similar to Spirillum demlfwricwns, 
isolated by Van Delden. Of these organisms 
the first two besides reducing sulphates also re- 

3 Omclianski, W., op. clt., pp. 214-216. 

4 Idem, pp. 216-218. 

8 BoIJerinck, M., Spirillum desulphuricans : Centralbl. Bak- 
teriologie, Abt. 2, Band 1, p. 1, 1895. 
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duce thiosulphates when no organic sulphur 
is present, and the last two, one of which 
(Spirillum, desulfurioans) is a fresh-water 
form and the other a salt-water form, reduce 
sulphates, thiosulphates, and sulphites. An- 
other organism, Bacterium 8uifureum,'hjxs been 
found which reduces sodium thiosulphate. 
Judging from the fact that some of the sul- 
phate-reducing organisms work more effec- 
tively in the absence of organic sulphur com- 
pounds, such as proteins, it appears that many 
of them are capable of decomposing organic 
sulphur compounds as well as of reducing sul- 
phides. 

: /.Thiosulphates and sulphites, according to 
Beijerinck, are reduced also when added to 
fermenting sugar solution or other yeast cul- 
tures, showing that yeasts as well as bacteria 
have the power of sulphate reduction. 

Brussilowsky x isolated three varieties of bac- 
teria which are chiefly concerned in the reduc- 
ing processes characteristic of the black fer- 
rous sulphide-bearing muds of limans. These 
grew on meat-peptone-agar and produced the 
characteristic odor of the liman mud. The 
principal one isolated was Vibrio hydrosul- 
fureus. When oxidized gray liman mud in 
which this organism occurs was sterilized it 
was found to keep indefinitely, but upon inocu- 
lation with pure cultures it showed reduction 
and again turned black. A great many other 
anaerobic bacteria probably have the same 
power, the functions not being confined to a 
few species. 

An artificial medium for sulphate-reducing 
organisms was prepared by Brussilowsky by 
mixing a 2 per cent solution of aluminum 
chloride (A1C1,) with a little ferric chloride 
and a little of a 0.33 per cent solution of thio- 
sulphate, and adding ammonium hydroxide to 
make it alkaline. This, when inoculated with 
a bouillon culture of the bacteria, showed fer- 
rous sulphide formation in 24 hours. 

Nadson produced a reduction of sulphates 
with Baccil-us mycoides and Proteus vutyarix, 
under anaerobic conditions and in the presence 
of peptone. 

Beijerinck prepared cultures of sulphate re- 
ducers by using a medium consisting of ordi- 
nary ditch water and a small quantity of min- 
eral salts, such as sodium carbonate, calcium, 

*Omelianskl f W., op. clt., pp. 220-224. 



or magnesium sulphate, and ferrous ammonium 
sulphate, and traces of organic compounds 
such as sodium malate or asparagin. He 
found that small quantities of organic com- 
pounds were necessary in order to supply car- 
bon for the organism. Impure cultures in 
the absence of oxygen and at a temperature of 
25° to 30° C. showed reduction of sulphate, 
accompanied by the formation of an appre- 
ciable amount of hydrogen sulphide in 12 to 
24 hours. Pure cultures of Spirillum desuZ- 
furicarts were obtained by him on plates of 
agar and gelatin prepared with the above me- 
dium. The organism isolated is a slightly 
coiled Spirillum about 4 micra in length and 
1 micron in thickness. 

Microspira aestuarii was isolated later from 
salt water by Van Delden. Its close resem- 
blance to Spirillum desulfuricans led to the be- 
lief that it might be the same form living under 
different conditions. The addition of gradu- 
ally increasing quantities of common salt to 
the culture solutions, however, was found to 
have entirely different effects on the two organ- 
isms. 

It was found that in pure cultures of these 
two microorganisms the amount of hydrogen 
sulphide formed was very large, amounting 
to several hundred milligrams per liter of cul- 
ture solution. Pure cultures also thrive and 
react on sulphates in the presence of a larger 
percentage of organic material, such as bouil- 
lon, than impure cultures, because there is no 
competition with ordinary putrefying bacteria, 
which otherwise crowd out the sulphate re- 
ducers. 

A good medium to use for the detection and 
isolation of sulphate reducers is the one used 
by Prof. E. B. Fred, of the University of Wis- 
consin, for class work, as follows: 

Culture solution for sulphate-reducing bacteria. 

Water . liter— 1 

Ammonium sulphate ((NH«) 2 S(M srams__ 2 

Sodium lactate do 5 

Dibasic potassium phosphate (KaHPO*) do .5 

Ferrous sulphate (FeSCM Trace. 

This medium may be placed in bottles and to 
it should be added a small amount of garden 
soil (1 gram) or of marsh slime (0.1 cubic 
centimeter). The bottles should be filled with 
the medium and then corked and rendered air- 
tight by immersing the mouth and stopper in 
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hot paraffin. Upon incubating at 37° C. for 
three or four days a blackening of the solution 
takes place, owing to the formation of ferrous 
sulphide by the reduction of the sulphates 
present. After a period of several weeks the 
solution may be tested for sulphates by adding 
a little barium chloride (BaCl 2 ) to a small 
amount of the liquid culture poured into a test 
tube. If sulphates are still present a White 
precipitate of barium sulphate (BaS0 4 ) forms. 
In time all the sulphates present will be re- 
duced. 

Pure cultures of the organisms may be ob- 
tained by using an agar medium. This is pre- 
pared by adding 15 grams of agar to 1 liter 
of the liquid medium described above. The 
sulphate agar medium may be inoculated from 
the bottle cultures. After incubating for a 
few days colonies with black halos will de- 
velop. Organisms from these colonies may 
then be reinoculated into sterile liquid media 
or on to other plates and pure cultures thus 
obtained. 

The following medium developed by Fred 
was found to be very satisfactory for obtain- 
ing cultures of sulphate-reducing organisms: 

Culture medium for sulphate-reducing bacteria. 

Iron lactate (FefCaHoOiSHaO) £rams__ 5.0 

Ammonium sulphate ((NH«),SO«) do 2.0 

Dibasic potassium phosphate (K 5 HPO«)_do .5 

Distilled water cubic centimeters. _ 1,000 

A solid medium may be prepared with this 
solution by adding it to a 15 per cent bouillon 
gelatin and sterilizing in an autoclave at 10 
pounds pressure for 15 minutes. Colonies of 
sulphate-reducing bacteria growing on plates 
prepared from this medium will develop the 
characteristic dark halo due to the formation 
of ferrous sulphide. 

The physiology of sulphate-reducing bac- 
teria is not yet thoroughly understood. Some 
investigators have claimed that the reducing 
action is not a property of any particular 
species of bacteria but that it is due to nascent 
hydrogen, which is liberated by many anaer- 
obic organisms. Others believe that the action 
is due to methane liberated during the fer- 
mentation of cellulose by certain groups of 
organisms, the reaction being 

CH 4 +MS0 4 =MC0 3 +H 2 S+H 2 



Beijerinck rejects these explanations and 
cites a number of experiments in which hydro- 
gen or methane producing bacteria did not 
reduce sulphates and in which sulphate re- 
ducers did not reduce other substances, such as 
nitrates. This indicates that the property of 
reducing sulphates is a special characteristic 
of certain bacteria, which use the oxygen taken 
from the sulphates for the production of en- 
ergy within their cells by the oxidation of car- 
bon to carbon dioxide. The reaction may be as 
follows : 

MS0 4 +2C=2C0 2 +MS 

The sulphide may then be acted upon by car- 
bon dioxide and water, and the production of 
hydrogen sulphide results according to the fol- 
lowing equation : 

MS+C0 2 +H 2 0=H,S+MC0 8 

It is claimed that hydrogen sulphide is also 
produced by bacteria by the reduction of free 
sulphur in the presence of organic matter. 1 It 
was noticed that sulphur present in cultures 
containing decomposing organic matter grad- 
ually disappeared and that hydrogen sulphide, 
or, if iron salts were present, ferrous sulphide, 
formed abundantly. Thus Winogradsky found 
that the sulphur granules of dead cells of sul- 
phur bacteria, such as Beggiatoa, gradually dis- 
appeared during decomposition with the for- 
mation of hydrogen sulphide. Later it was 
found that flowers of sulphur were attacked 
under the same conditions and that hydrogen 
sulphide was formed abundantly. 

Beijerinck prepared two flasks with meat 
bouillon containing 1 per cent iron lactate as 
indicator. The oxygen present was removed 
by boiling and then flowers of sulphur were 
added to one of them. After inoculation with 
impure bacterial cultures and incubation for 24 
hours both solutions became black through the 
formation of ferrous sulphide, but though the 
ferrous sulphide formation in the flask con- 
taining no free sulphur soon reached a limit 
that in the other flask continued for a long time 
and a large quantity of the black precipitate 
was formed. The formation of hydrogen sul- 
phide from free sulphur is believed to be a 
secondary process, resulting from the various 

iOmelianskl, W. t op. clt, pp. 219, 220. 
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reactions which take place in decomposing 
organic matter. 

Associated with the hydrogen sulphide 
forming and the sulphate-reducing bacteria is 
an important and very interesting group of 
organisms known as the Thiobaoteria or sul- 
phur bacteria. A considerable number of mor- 
phologically different varieties of bacteria be- 
long to this group, the principal members be- 
ing the colorless varieties Thiothrix and Beg- 
giatoa and the red or violet-colored varieties 
known collectively as Rhodobacteria. The sul- 
phur bacteria have the power of oxidizing 
hydrogen sulphide to free sulphur and sul- 
phuric acid, thus obtaining energy for the 
assimilation of food. The sulphuric acid 
formed immediately unites with bases present 
to form sulphates. The food of these bacteria 
is derived from organic matter, while the oxy- 
gen necessary for the oxidation of hydrogen 
sulphide is derived from free oxygen dissolved 
in the water. 

As sulphur bacteria require both hydrogen 
sulphide and oxygen, and as an increase in 
hydrogen sulphide in solution results in an 
expulsion of oxygen, thtre is a certain hori- 
zon in the solution where the oxygen, which 
comes down from the surface, and the hydro- 
gen sulphide, which comes up from the decay- 
ing organic matter on the bottom, are both 
present in the right proportions for these or- 
ganisms to thrive on. At this horizon they 
form a plntelike film, and it is below this film 
that sulphate-reducing and hydrogen sulphide 
forming bacteria are most active. 

Jegunow 1 found that in limans (see p. 63), 
where the water is shallow and the mud is gray- 
ish and slightly oxidized, the sulphur bacteria 
lie on the bottom. With increasing depth and 
decrease of oxygen, the sulphur bacteria are 
forced to leave the bottom and form a thin 
layer through the water, while the mud be- 
comes black in consequence. He believes that 
such a layer of bacteria is probably found over 
the entire Black Sea at a depth of about 200 
meters. 

Laboratory cultures made of black liman 
muds in water in a high glass jar showed a 
cloudy platelike swarm of organisms 0.2 to 0.3 
millimeter thick in the water. The height of 



1 Jctfunow. M., Bakterien-ftespllschaftpn : Centrnlbl. Bakte- 
riolopie, Abt. 2, Band 2, p. 20, 189G. 



this layer above the mud depended on the 
amount of hydrogen sulphide formed. When 
it sank down to the mud the mud became gray 
through oxidation, but upon the exclusion of 
oxygen it again became black and the swarm 
layer rose in the water. 

The sulphates formed abundantly by the sul- 
phur bacteria from hydrogen sulphide are at- 
tacked by the associated sulphate-reducing 
bacteria and are again reduced to sulphides 
and hydrogen sulphide, thus making a com- 
plete cycle. If ferrous or manganese sulphide 
are formed, they are precipitated. 

GEOLOGIC IMPORTANCE OF HLON-DEPOSITDIG 
BACTERIA. 

IRON IX TIIE EARTH'S CRUST. 

In a study of the deposition of sedimentary 
iron-ore deposits there are four important 
points to consider: (1) The source and the 
manner of solution of iron compounds, (2) the 
transportation of iron compounds, (3) the 
manner of deposition of iron compounds, and 
(4) the conditions under which iron com- 
pounds are deposited. 

Iron is abundant in the earth's crust in both 
the ferrous and ferric forms. Ferrous iron oc- 
curs in nearly all rocks. In the original crys- 
talline rocks, such as granite, diorite, gabbro, 
pyroxenite, and peridotite, ferrous iron forms 
an important constituent of the ferromagne- 
sian silicates, mainly biotite, amphibole, pyrox- 
ene, olivine, and chlorite. It is also present in 
the oxides of iron, magnetite and ilmenite, 
which form a noticeable percentage of the more 
basic crystalline rocks. In sedimentary rocks 
ferrous iron is present in original undecom- 
posed silicates that occur in shales and gray- 
wacke, in secondary silicates, and also in sec- 
ondary iron carbonate, which occurs in varying 
abundance in nearly all sedimentary rocks. In 
metamorphic rocks ferrous iron occurs mainly 
in the secondary iron silicates, especially in bio- 
tite, amphibole, chlorite, and garnet, but to 
some extent it is also present as recrystallized 
iron carbonate. 

Ferric iron occurs in original crystalline 
rocks, mainly as the oxides magnetite, hema- 
tite, and ilmenite, but it is also found in 
smaller amounts in some of the silicates, such 
as biotite, amphibole, pyroxene, and epidote. 
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In sedimentary rocks it is found mainly as the 
oxides hematite and limonite, and in some iron 
silicates, such as glauconite, and in metamor- 
phosed sediments it occurs as the oxides hema- 
tite and magnetite and in the silicates biotite, 
amphibole, and garnet. 

In addition to these minerals, iron is pres- 
ent in nearly all rocks in the form of the sul- 
phides pyrite or marcasite, and occasionally in 
basic igneous rocks as pyrrhotite. 

Thus iron is one of the most abundant and 
widely distributed metals on the surface of 
the earth, the only metal exceeding it in abun- 
dance being aluminum. In Clarke's average 
analysis of the earth's crust to a depth of 10 
miles, 1 ferrous and ferric oxide, considered to- 
gether, rank third in abundance of all the ox- 
ides, being exceeded only by silica and alumina. 
The principal constituents in the average rock 
and in the average igneous rock as given by 
Clarke, rank as follows : 

Composition of average rock of the earth's crust and 
of average igneous rock. 




SiO, 

AlA 

CaO 

MgO 

FeO 

Na.0 

K,0 

Fe,0, 

a,o 

All other constituents. 



Average 
rock/* 


Average 

igneous 

rock. 


59. 77 


59.83 


14.89 


14.98 


4.86 


4.84 


i 3.74 


3.81 


3.39 


3.46 


' 3.25 


3.36 


2.98 


2.99 


2.69 


2.65 


2.02 


1.89 


2.41 


2.19 


100.00 


100.00 



«In the average rock which, according to Clarke, represents the 
earth's crust to a depth of 10 miles, the following percentages of igne- 
ous and sedimentary rocks are taken : Igneous, 95 per cent ; shale, 4 
per cent; sandstone, 0.75 per cent; limestone, 0.25 per cent. 



DECOMPOSITION OF IRON-BEARING MINERALS. 

When the rocks forming the earth's crust 
suffer disintegration and decomposition in their 
change to soil the iron compounds are dis- 
solved by the action of the acids that are pres- 
ent in surface and ground waters. These acids 
are principally carbonic acid (H 2 CO a ) and 
various organic acids, such as butyric, pro- 
pionic, formic, lactic, acetic, citric, tartaric, 
valerianic, and the little-known humic acids. 



Van Hise 2 mentions the common occurrence in 
the soil of certain other organic acids, such as 
crenic, apocrenic, and ulmic acids. Inorganic 
acids are present in the soil in small quantities 
and occur more or less locally. The principal 
ones probably are nitrous, nitric, sulphuric, 
and perhaps hydrochloric. Phosphoric and 
silicic acids also are present, but they are not 
important in processes of rock decay. 

The presence of these gases and acids in the 
soil results from two conditions: First, and 
most important, is the decay of organic mat- 
ter, due to bacterial action, and, second, is the 
decomposition of inorganic material, due to 
chemical agencies, which in part also owe their 
origin to bacterial action. 

Carbon dioxide, which is the most important 
of these agents in the process of rock decay, is 
in part derived from the decomposition of car- 
bonates, due to the action of acids, but mainly 
it is derived from the decay of organic carbon 
compounds under the action of various fer- 
menting and decay-producing microorganisms, 
such as bacteria, yeasts, and molds. 

The carbon in animals and plants may be in 
the form of carbohydrates, fats, or proteins. 
Carbohydrates, in which form by far the most 
carbon occurs in nature, are decomposed to car- 
bon dioxide and water by the action of certain 
hydrolytic enzymes, commonly produced by va- 
rious organisms, the decomposition taking 
place in a series of steps as is shown by the fol- 
lowing formulae, which illustrate acetic fer- 
mentation as an example. Decomposition to 
other fatty acids, such as lactic, tartaric, and 
butyric, goes on along similar lines. 

(Starch.) (Doable sugar.) 

2C,H w 8 +H 2 = C l2 H 22 O u „ 

(Single sugars.) 

C^H^O,, +H 2 = C,H l2 0, +C 8 H 12 0, 

(Alcohol.) 

C 8 H 12 0, = 2C 2 H 8 OH + 2CO, 

(Acetic aldehyde.) 

C 3 H 5 OH + O = C 2 H 4 + H 2 

(Acetic acid.) 

C 2 H 4 0+0 = C 2 H 4 3 
C 2 H 4 2 + 40 = 2C0 2 + 2H 2 

The change from starch to the double sugars, 
maltose, saccharose, or lactose, is due to the 
action of the enzyme diastase produced by all 
irreen plants, many molds, and a few bacteria. 
The decomposition from double sugars to single 



1 Clarke, F. W., The data of gooclxmlstry, 3d ed. : U. S. *Vzn Ilise, C. R. t A treatise on metamorphlsm : U. S. Geol. 

Oeoi. Survey Bull. 616, p. 32, 1916. Survey Mon. 47, pp. 4(51-40:;, 1904. 
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sugars is due to the action of the enzymes mal- 
tase, invertase, and lactase, each acting on a spe- 
cial sugar. These three enzymes differ in dis- 
tribution but in general are present in green 
plants and in various microorganisms. Single 
sugars are acted upon directly by fermenting 
enzymes, the change to alcohol being due mainly 
to the action of yeasts, and the further decom- 
position of alcohol to fatty acids and carbon 
dioxide taking place under the action of bac- 
teria and molds. The principal acids formed 
in this manner in the soil are butyric, propi- 
onic, acetic, formic, and lactic acids. The end 
products of the fermentation are large quanti- 
ties of carbon dioxide and water. 

Though these changes are the typical ones 
through which most carbohydrates pass in the 
process of decomposition, many irregularities 
and variations occur. Cellulose, for example, 
which is probably the most abundant carbohy- 
drate in the soil, is decomposed by a special 
group of microorganisms known as cellulose 
fermenters. During the decomposition it may 
be changed directly to fatty acids, or it may 
be changed first to sugar and then to different 
gases, such as methane, hydrogen, and carbon 
dioxide. 

The carbon in fats and proteins also suffers 
the change to fatty acids and carbon dioxide. 
The decomposition of the proteins, however, 
is very complex, and many little known com- 
pounds, including those of nitrogen, sulphur, 
and phosphorus, are formed during the process. 

The carbonaceous material that resists de- 
composition by fermenting and decay-produc- 
ing microorganisms collects in the soil in the 
form of humus. Humus consists mainly of 
cellulose, which is the most difficult of the dif- 
ferent forms of organic carbon to decompose. 
The further decomposition of humus goes on 
very gradually, and during the process the dif- 
ferent gases and organic acids already men- 
tioned are produced, as well as humic acids. 
The composition of humic acids is not well 
understood, but it is now supposed that they 
are colloidal mixtures of various complex or- 
ganic acids or of their acid salts. 1 Humus, 
therefore, acts as a constant source of soil acids 
and gases. Humic acids and their acid salts 
(humates) may be so abundant as to cause 
acidity of the soil in places where bases are not 

1 1.ipman, J. G. f Microbiology of soil, in Marshall's Micro- 
biology, p. 250, 1912. 



present in sufficient quantity to neutralize the 
acids produced. 

Inorganic acids in the soil are in part de- 
rived from the decomposition of certain min- 
erals, such as sulphides, sulphates, and chlo- 
rides, and when so derived are local in their 
occurrence. Nitrous and sulphuric acids, how- 
ever, are produced also during certain very 
important soil processes known as nitrification 
and sulphur oxidation. 

The nitrogen content of proteins, urea, and 
other nitrogenous organic compounds is 
changed during decomposition by ammonify- 
ing bacteria into the form of ammonia (NH 8 ). 
The ammonia is acted upon by nitrifying bac- 
teria, and the nitrogen is oxidized first to the 
nitrous and then to the nitric form. During 
the first part of the process nitrous acid is 
formed from ammonia, and this immediately 
reacts upon bases present in the soil to form 
nitrites, which are then oxidized to nitrates. 
Thus the nitrogen, and the bases with which it 
combines, were first present in a relatively in- 
soluble form and have been changed by bac- 
terial action to soluble nitrates, in this manner 
hastening rock decomposition. 

Sulphur oxidation in general is very similar 
to nitrification. During the putrefaction and 
decay of sulphur-containing organic matter by 
ordinary putrefying bacteria, sulphur is liber- 
ated in the form of hydrogen sulphide (H 2 S). 
This gas is oxidized by a special group of bac- 
teria, the sulphur bacteria, first into free sul- 
phur and then into sulphuric acid. The sul- 
phuric acid immediately reacts upon the bases 
present to form sulphates, which for the most 
part are more or less soluble. 

Thus it is clear that processes of bacterial de- 
composition are of unusual importance in pro- 
moting rock decay. They not only result in the 
formation of most of the carbon dioxide pro- 
duced in the soil but also of many organic and 
a few inorganic acids, which locally become of 
importance in promoting decomposition. 

By far the most abundant of the acids in the 
soil is carbonic acid or carbon dioxide. Al- 
though relatively weak, its abundance and con- 
tinued action cause most metals, including 
iron, to be taken into solution in the form of 
carbonates. Nearly all ferrous compounds, but 
especially ferrous carbonate, are readily acted 
upon by carbonic acid dissolved in meteoric 
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"water, are taken into solution in the form of 
carbonate or bicarbonate, and are carried thus 
as long as the waters contain an excess of car- 
bon dioxide in solution. Moody * says that car- 
bonic acid exerts a greater corrosive iufluence 
on iron than equivalent amounts of hydro- 
chloric or sulphuric acids. Some compounds 
of iron, however, especially ferric oxide, 
are practically insoluble in waters that carry 
only carbon dioxide, and in the solution of 
these compounds various other soil acids and 
decaying organic matter become effective. 
There is little doubt, therefore, that all iron 
compounds, even the most insoluble, such as 
ferric oxide, are acted upon to some extent by 
soil waters, especially if decaying organic mat- 
ter is present. The intensity of the action dif- 
fers in different places according to the compo- 
sition of the water, and this depends more or 
less upon the character of the soil or rocks 
through which the water passes and upon the 
presence of vegetation. The influence of rock 
composition is well illustrated by certain rocks 
which are rich in ferric oxide and contain lo- 
cally particles or bunches of sulphide of iron. 
In the neighborhood of the decomposing iron 
sulphide the ferric oxide is commonly reduced, 
by the liberated sulphuric acid, to the ferrous 
form, which is indicated by a change in color 
from yellow or red to white or green. The in- 
fluence of vegetation is shown in some bog 
limonite deposits, where in places near abun- 
dant decomposing organic matter, such as rot- 
ting logs, the yellow bog scum is often bleached 
to a white or green color. This reduction is 
probably in part due to organic acids, which 
are abundant under these conditions, and in 
part to the action of decomposing organic mat- 
ter, which requires oxygen and takes some of it 
from the ferric oxide. Kindler, 2 as early as 
1836, called attention to the fact that decaying 
vegetable matter has a marked effect on the 
solubility of ferric hydroxide. He noticed that 
ferruginous quartzose sand was rendered color- 
less around decaying roots and in a few 
months became as white as if it had been 
treated by an acid. A root one-sixth of an 
inch in diameter, upon decaying, whitened the 
sand to a distance of 1 to 2 inches around it. 
This action is ascribed to organic acids pro- 



1 Moody, G. T., The rusting of iron : Chem. Soc. Jour., 
89, pp. 720 et acq., 1006. 

* Poffgendorff 's Annalen, Band 37, p. 203, 1836. 
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duced during the decay. Ferric hydroxides are 
in this manner reduced to the protoxide, which 
at the same time combines with carbon dioxide 
to form carbonate. Iron carbonate becomes 
soluble and remains in solution in the presence 
of excess carbon dioxide. 

The decomposition of iron sulphides, which 
is caused principally by partial oxidation, 
probably results in the formation of soluble 
ferrous and ferric sulphates. These sulphates 
may be carried in solution for some time if 
conditions are favorable. They are not very 
stable, however, and upon further oxidation 
and hydrolysis for the ferrous or simple hy- 
drolysis for the ferric sulphate, they readily 
change to ferric hydroxide or to insoluble basic 
ferric sulphates. 

According to the extent to which organic 
acids are present iron may be carried in solu- 
tion as salts of these acids. It is not impos- 
sible that such organic salts as iron formate, 
iron butyrate, iron lactate, or iron citrate may 
occur in iron-bearing waters. Aschan 8 is of 
the opinion that great quantities of iron are 
carried in solution as soluble ferrohumates and 
ferrihumates and that humus compounds are 
largely instrumental in the formation of bog 
iron ore deposits, being active both in the solu- 
tion of iron compounds and in their subsequent 
precipitation. He believes that the dark color 
of streams that pass through regions of abun- 
dant vegetation is largely due to the presence 
of humus compounds. 

Once the iron is reduced to a form in which 
it is soluble in water it may be taken into solu- 
tion and carried a greater or less distance de- 
pending upon the change in composition suf- 
fered by the water. It is generally supposed, 
probably with sufficient reason, that iron is 
carried in solution mainly as ferrous bicar- 
bonate and is kept in solution as long as the 
waters retain an abundance of carbon dioxide. 
Among the iron-bearing waters analyzed many 
have been found which contain no sulphate 
or other acid radicle besides the carbonate, 
thus showing conclusively that at least in 
these waters iron was carried as the soluble 
carbonate. It is quite possible, however, 
that iron is carried to some extent also in 
other forms, perhaps as ferrous or ferric 

8 Aschan, Ossian, Die Bedeutung der wasserltisllchen Ilu- 
musstoffe fur die Blldunp der See und Sumpferze : Zeitschr. 
prakt. Geologie, Jahrg. 15, p. 56, 1907. 
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sulphate or as compounds of some of the 
organic acids. 

The waters of many streams, springs, and 
lakes contain much iron in solution, as has 
been shown by analysis, by the fact that floccu- 
lent precipitates of ferric hydroxides occur in 
them, that iridescent films of limonite form 
on their surface, and by the fact that ob- 
jects with which they come in contact com- 
monly become coated with limonite. Thus, 
although it is undoubtedly true that ferric 
oxide, which is soluble with great difficulty, 
forms in abundance by the oxidation of other 
iron compounds and along with alumina 
and other insoluble substances becomes con- 
centrated in residual soils, still it is certain 
that acids capable of taking and retaining 
iron salts in solution are abundantly present 
in soil waters and a large amount of iron is 
undoubtedly carried away by surface waters 
and redeposited elsewhere. 

TYPES OF SEDIMENTARY IRON ORES AND IRON 
FORMATIONS. 

GENERAL FEATURES. 

Iron may be precipitated from natural so- 
lutions under ordinary conditions of sedimen- 
tation either by chemical or by biologic agen- 
cies. The precipitates may occur in any one 
of the following forms: Ferric hydroxides, 
ferrous carbonate, hydrous ferrous and ferric 
silicates of several kinds, iron phosphates, 
basic ferric sulphates, ferrous sulphide, and 
perhaps iron disulphide. 

In the formation and accumulation of de- 
posits of ferric hydroxide biologic agencies 
play a most important part, though chemical 
action is undoubtedly of great importance as 
well. Iron sulphide also may be formed either 
chemically or by the action of microorganisms. 
Ferrous carbonate and iron silicates, however, i 
are not definitely known to be precipitated by : 
organisms. They are probably chemical pre- ' 
cipitates, the presence of organic matter being 
commonly an important factor in their forma- 
tion. Iron phosphates and basic ferric sul- 
phates are chemical precipitates. j 

Iron may be precipitated under many condi- i 
tions. Usually it is taken into solution by 
ground waters that contain carbon dioxide in 
their passage through soil and rock, and in 
general it remains in solution as long as the 



water retains an excess of carbon dioxide. 
Under ordinary conditions ground waters lose 
their carbon dioxide and become saturated 
with oxygen soon after they reach the surface, 
and the iron is deposited as ferric hydroxide. 
Iron bacteria are nearly always present under 
these conditions and not only aid in the pre- 
cipitation but play an important part in the 
accumulation of the precipitated material. If 
the iron-bearing waters reach the surface in 
localities where abundant vegetation and de- 
caying organic matter are present they may 
not become saturated with oxygen, but the 
solvent carbon- dioxide may be taken up by the 
growing plants. In such localities the iron is 
precipitated as ferrous carbonate. If alkaline 
silicates are abundant in the water ferrous sili-- 
cates may be formed. If phosphorus is present 
it is usually precipitated with the iron. 

In localities where conditions are such that 
the iron is not chemically oxidized, when the 
iron-bearing waters come to the surface and 
when carbon dioxide is formed in sufficient 
abundance to retain the iron in solution, iron 
bacteria may be the agency in precipitation. 
Such conditions probably exist to some extent 
also in larger underground openings, such as 
caves and fissures, and under these circum- 
stances certain subsurface concentration de- 
posits of brown iron ore may be formed. When 
iron is carried in solution in the form of solu- 
ble humates or other salts of organic acids, 
iron-precipitating bacteria may also play an 
important part in its deposition. 

The accumulation of iron precipitates usu- 
ally takes place in quiet waters, such as bogs, 
marshes, lakes, and lagoons. Often, however, 
deposition occurs where iron-bearing waters 
issue from the ground and where they usually 
flow quitfc rapidly in little streams and rivu- 
lets. Some of the iron precipitated under this 
condition is doubtless carried along mechani- 
cally as little flocculent masses and is finally 
deposited in quiet water, where it may accu- 
mulate. Much of it, however, is doubtless lost 
in the mass of other sediments, so that only a 
relatively small proportion of the iron dis- 
solved and carried in solution by ground waters 
is actually accumulated in the form of iron- 
ore deposits. 

Sedimentary iron ores and iron ores derived 
directly from iron-bearing sediments by con- 
centration are of great importance commer- 
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cially. Deposits of this nature occur on nearly 
all the continents, and probably more than 90 
per cent of the iron ore that is being produced 
at the present time is of this type. Such ores 
consist of hematite, limonite, or iron carbonate, 
the first two being by far the most important. 

DEPOSITS OBIOHTAL LY LA ID DOWN MAIHLT AS FERRIO 
HYDROXIDE. 

Ferric hydroxides or hydrated ferric oxides 
are probably the most important iron com- 
pounds that play a part in processes of sedi- 
mentation. The following table shows the 
composition of anhydrous ferric oxide and of 
the ferric hydroxides which are known to oc- 
cur in nature: 

Chemical composition of ferric qpide and the ferric 
hydroxides that occur in nature. 



Hematite (Fe^O,) 

Turgite (2Fe20 3 .H 2 0) 

Goethite (Feo0 3 .H 2 0) 

Limonite (2Fe20a.3H a O) 

Xanthosiderite (FeaOj^HaO) 
Limnite (Fe20 3 .3H 2 0) 



Fe 



70.0 
66.3 
62.9 
59.8 
57.1 
52.3 



O 



30.0 
28.4 
27.0 
25.7 
24.5 
22.4 



HaO 



0.0 
5.3 
10.1 
14.5 
18.4 
25.3 



Most of the deposits of bedded hematite, as 
well as deposits of bog ore and beds of brown 
iron ore, were probably originally laid down 
in the form of limonite, associated with other 
ferric hydroxides and ferrous carbonate and 
locally accompanied by minor quantities of 
other iron compounds, such as phosphate, 
silicates, or sulphide. The ferric hydroxides 
that are probably most abundantly associated 
with limonite in freshly deposited iron sedi- 
ments are xanthosiderite and limnite, both of 
which have been found in bo# ores of recent 
origin which also carry impurities such as or- 
ganic acids, phosphoric acid, and clastic mate- 
rial. In older iron-ore beds the hydroxides 
that contain less water appear to be more com- 
monly associated with limonite, and in many 
of them only slightly hydrated hematite is the 
most important constituent. Deposits which 
are composed mainly of a mixture of various 
ferric hydroxides are commonly 1 known as 
limonite or brown iron ore deposits. 

Hematite and limonite of sedimentary origin 
are distributed in many parts of the world, and 
65629°— 19 4 



one or both of them occur in many important 
iron-ore deposits and iron-bearing formations. 
Among deposits which are formed wholly or 
in part by ferric oxide or hydroxide of origi- 
nal sedimentary origin are the Clinton hema- 
tite beds of the eastern United States, the Wa- 
bana iron-ore beds of Newfoundland, the iron- 
bearing formation of the Lake Superior region, 
the hematitic quartzite and associated bedded 
hematite of Minas Geraes, Brazil, the banded 
jasper and associated hematite of India, the 
extensive Jurassic oolitic limonite ores of Lor- 
raine and Luxembourg, and the widely dis- 
tributed bog and lake ores. 

Beds and lenses of iron ore of Clinton (Si- 
lurian) age occur in many parts of the Appa- 
lachian region in eastern United States, extend- 
ing from New York as far south as Alabama. 1 
The ores are interbedded with shale and sand- 
stone. In some places only one bed is found, 
but in other places three or four beds occur 
one above the other and separated from each 
other by clastic sediments. In many places 
lenses of clastic material occur within iron-ore 
beds. The iron-ore layers themselves range in 
thickness from a few inches to 40 feet, and 
single beds may extend along the strike of the 
rocks for many miles. As most of them occur 
in a region of folded rocks they have attitudes 
ranging from horizontal to vertical. 

The Clinton ore beds are composed princi- 
pally of three classes of ore — (1) oolitic, (2) 
fossil, and (3) finely granular or textureless 
ore. By far the larger part of the ore beds is 
formed by oolites, but locally fossils are very 
abundant in the ore beds, and in places may 
even form the principal part of them. Finely 
granular material is nearly everywhere pres- 
ent in small amount, and in places forms defi- 
nite lenses within the oolitic or fossiliferous 
material. Locally ferruginous pebbles occur 
near the base of the ore beds. 

The ore is mainly ferric oxide and contains 
calcium carbonate and silica as impurities. 



1 Burchard, E. F., Butts, Charles, and Eckel, E. C, Iron 
ores, fuels, and fluxes of the Birmingham district, Ala. : 
U. S. Geol. Survey Bull. 400, 1910. 

Burchard, E. P., Preliminary report on the rod Iron ores 
of east Tennessee, northeast Alabama, and northwest 
Georgia: V. S. Geol. Survey Bull. 540, pp. 279-328, 1914; 
The red iron ores of Tennessee : Tennessee Geol. Survey Bull. 
16, 1913. 

Newland, I>. II.. and Hartnagel, O. A., Iron ores of the 
Clinton formation in New York: New York State Mus. Bull. 
123, 1908. 
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The water content of the hard ore which has 
not suffered surface weathering is remarkably 
low, being on the average only about 0.5 per 
cent. Even in the weathered surface ore the 
water content averages only from 2 to 3 per 
cent. Roughly the composition of the hard 
unweathered ore is as follows : 

Composition of hard unweathered Clinton iron ore. 

FcO, 52 

CaCO, 34 

SiOa 10 

AUG. 3. 5 

H s O . 5 

Upon weathering the calcium carbonate is re- 
moved, causing a proportionate increase of the 
remaining constituents and commonly increas- 
ing the ferric oxide content to 70 per cent. 
There is an increase in water in the weathered 
ore because of hydration. 

The spherules in the Clinton oolitic ore on 
being examined microscopically are seen to 
consist of a nucleus of quartz or shell frag- 
ment around which are concentric alternate 
layers of hematite and silica or of hematite 
and calcite. Many spherules contain a green 
mineral, supposed to be an iron silicate, in the 
center. The matrix separating the spherules 
is largely calcite and detrital quartz. 

Three principal hypotheses have been offered 
for the origin of the Clinton iron ore. The one 
most generally accepted is that the beds were 
originally laid down, together with the inclos- 
ing rocks, in much the same form in which 
they now occur. 1 The iron is supposed to have 
been precipitated as ferric hydroxide and later, 
owing to compression, to have been dehy- 
drated. ' The oolites were probably formed im- 
mediately after deposition, while the ferric 
hydroxide was still in a flocculent form. The 
replacement of much of the calcium carbonate 
in the fossils present is believed to have taken 
place during the deposition. The second hy- 
pothesis is that the present hematite layers rep- 
resent original beds of limestone, which have 
been replaced at some later period by iron 
brought in by percolating waters. By this 
hypothesis it is difficult to explain the regular- 
ity of the beds as well as the absence of similar 

1 Smyth, C. II., jr., On the Clinton iron ore : Am. Jour. 
Sci., 3d ser., vol. 43, p. 487, 1892. 



replacement phenomena with reference to other 
limestone beds in the region. According to the 
third hypothesis 2 the ore beds were originally 
laid down as glauconite, which was subse- 
quently leached of some of its impurities and 
oxidized to hematite. As evidence is given the 
fact that unaltered remnants of a green min- 
eral, supposed to be an iron silicate, occur in 
some of the spherules composing the oolitic ore. 

The Wabana iron ore* is found in beds 
which outcrop on Bell Island in Conception 
Bay in the eastern part of Newfoundland. The 
beds dip northwestward underneath the waters 
of the bay at angles that range from 8° to 10°. 
Many individual beds range in thickness from 
mere seams to 30 feet or more. They are scat- 
tered through abbut 1,000 feet of strata, but 
they are more or less grouped into zones which 
are separated by zones of barren rock. The 
thickest one of the barren zones is 600 feet in 
thickness. Though the individual ore layers 
differ in thickness from place to place, the ore 
zones are very continuous. The inclosing rocks 
are indurated sandstones, shales, and slates of 
Arenig to Llandeilo age (Ordovician). 

The principal ore mineral is hematite, with 
which chamosite, an aluminous ferrous silicate, 
is abundantly associated. Siderite forms a 
considerable proportion of the ore beds locally 
and quartz occurs as detrital fragments. Fos- 
sil fragments of shells, mainly brachiopods, 
consisting of calcium phosphate, occur through- 
out the ore and tubes of boring algae are very 
abundant. 

The great mass of the ore has an oolitic tex- 
ture, being composed of fine spherules of 
mixed hematite and chamosite, generally 
somewhat flattened parallel to the bedding. 
Microscopically the individual spherules are 
seen to consist of alternate layers of hematite 
and chamosite arranged concentrically about a 
center which may be detrital quartz, a shell 
fragment, or chamosite. Locally the spherules 
may consist almost entirely of chamosite and 
elsewhere of hematite. The matrix between 
the spherules is generally chamosite, but hema- 
tite, quartz, or siderite may replace it in part 
or entirely. 

2 McOnllle, S. W., Report on the fossil Iron ores of Georgia : 
G»>orjria Gool. Survey Bull. 17, 1908. 

a Hayos, A. P., Wnhana Iron ores of Newfoundland : Can- 
ada Geol. Survey, Dept. Mines, Mem. 78, 1015. 
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The range in composition of the Wabana 
iron ores is as follows : 

Mineral composition of Wabana iron ores. 

Per cent. 

Hematite 50-70 

Chamosite 15-25 

Slderlte 0-50 

Calcium phosphate 4-5 

Quartz 0-10 

Calcite 0-1 

In contrast to the Clinton ores and to the 
oolitic limonite of northern France and south- 
ern Germany described later, these ores con- 
tain little or no calcium carbonate but instead 
contain abundant calcium phosphate. 

The ores are supposed to be primary bedded 
deposits, originally laid down with the inclos- 
ing clastic sediments in much the same form 
in which they occur now, the hematite and 
chamosite being deposited at the same time 
but perhaps under slightly different condi- 
tions. The spherules are supposed to have re- 
sulted from the action of surface tension on the 
fine unconsolidated sediments. Boring algae 
presumably played an important part in the 
ore formation. Tubes of these organisms pene- 
trate both spherules and matrix and seem to 
have thrived during the ore deposition. It is 
thought that they may be responsible for part 
of the oxidation to hematite. 

In the Lake Superior region extensive beds 
of iron-bearing formation of pre-Cambrian age 
are found, interlay ered with metamorphosed 
clastic sediments such as slate and quartzite 
and with volcanic flows. 1 The beds have a 
maximum thickness of 1,000 feet or more and 
in places are known to be continuous along the 
strike for more than 200 miles. The iron-bear- 
ing formation as exposed consists mainly of 
hematitic and limonitic chert and slate and 
iron ore. These rocks in many places grade 
downward at different depths along the bed- 
ding into sideritic chert and slate, or into 
greenalite rock, a ferrous silicate rock. Meta- 
morphosed phases of the various types of the 
iron-bearing formations which have been 
altered by igneous intrusions or regional def- 
ormation occur locally. 

The hematitic and limonitic chert and slate 
were probably derived mainly by oxidation 

1 Van Hise, C. R., and Loith. C\ K., The geology of the 
Lake Superior region: L\ S. Geol. Survey Mou. 52, 1011. 



from the sideritic chert and ferrous silicate 
rock, and the iron ore is believed to have been 
derived from the hematitic and limonitic chert 
by the leaching and removal of silica under the 
influence of meteoric waters. The iron-bearing 
formation was, therefore, for the most part 
laid down originally as sediments that consoli- 
dated into sideritic chert, sideritic slate, and 
greenalite rock. In association with these 
rocks, however, there were locally deposited 
beds and lenses of original ferric oxide or hy- 
drated ferric oxide and silica which upon con- 
solidation formed a rock very similar in all 
respects to the hematitic and limonitic chert 
formed by the secondary alteration of the 
sideritic chert and greenalite rock. In places 
layers of original relatively pure hematite ore 
are found with these beds, which in their char- 
acter and manner of origin probably resemble 
the Clinton and Wabana iron ores. 

In the State of Minas Geraes, in southeastern 
Brazil, there are extensive beds of so-called 
"itabirite," an iron oxide bearing quartzite, 
that contains intercalated beds and lenses of 
ferruginous schist and of pure hematite. 2 The 
itabirite in general is a thinly laminated rock 
that consists of alternating layers of quartz sand 
and iron oxide. In places, however, these two 
constituents are irregularly intermixed, forming 
a granular rock. The itabirite and associated 
iron ore and schist are interbedded with meta- 
morphosed sedimentary rocks of probable pre- 
Cambrian age. The iron-bearing formation 
varies greatly in thickness, being less than 20 
feet thick in some parts of the region and more 
than 4,000 feet thick in other parts. It is un- 
derlain by a great thickness of sericitic quartz- 
ite which in turn overlies granite and gneiss. 
At the contact of the iron-bearing formation 
and quartzite is a thin layer of argillaceous 
schist. Above the iron-bearing formation is 
a schist bed of great thickness, which in the 
upper part becomes quartzitic. In the lower 
part of this schist are local beds and lenses of 
limestone and itabirite. In places beds of man- 
ganese ore also occur near the contact of the 



*Leith, C. K. t and Harder, E. C, The hematite ores of 
Brazil and a comparison with the hematite ores of Lake Su- 
perior : Econ. Geology, vol. 6, pp. 670-686, 1911. 

Harder, E. C, The " itabirite " iron ores of Brazil : Econ. 
Geology, vol. 9, pp. 101-111, 1914. 

Harder, E. C, and Chnmberlin, R. T., The geology of cen- 
tral Minas Geraes, Brazil : Jour. Geology, vol. 23, pp. 341- 
378, 385-424, 1915. 
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iron-bearing formation and the overlying 
schist. 

The iron content of the itabirite in general 
ranges between 30 and 50 per cent, and the in- 
terlayeted iron ores range from 50 to 70 
per cent in metallic iron. In fact the itabir- 
ite, with diminishing quartz, grades into iron 
ore. Both hard and soft ores occur, the former 
being of very high grade and commonly aver- 
aging 69 to 70 per cent metallic iron and 
less than 0.02 per cent phosphorus for an 
entire deposit. High-grade hard -ore beds 
have a maximum thickness of 750 feet and a 
maximum length of 4,000 feet, but the lower 
grade soft ores form deposits several thousand 
feet in thickness and more than 2 miles in 
length. 

The iron ores and associated itabirite and 
schist are believed to be primary sediments. 
The iron was probably deposited as ferric hy- 
droxide by chemical and biological agencies 
at the same time as the associated clastic 
material. 

The Archean rocks of British India consist 
of a basement of gneisses and crystalline 
schists. These are overlain by what is known 
as the Dh&rwar series of metamorphosed sedi- 
ments, consisting of conglomerate, quartzite, 
slate, phyllite, crystalline limestone, and differ- 
ent kinds of schist. Both of these series have 
suffered deformation and have been intruded 
by granitic and other rocks. The Dh&rwar 
series locally contains beds of iron-bearing 
rocks, such as banded hematitic and magnetitic 
jaspers and ferruginous quartzites and schists 
associated with beds and lenses of pure iron 
ore. 1 Scattered areas of Dharwar rocks oc- 
cur in many parts of the peninsula of India, 
and iron-ore deposits are found in them both 
in the north and south. 

The iron-ore deposits range in size from 
mere seams to great tabular lenses, some of the 
largest of which are 300 feet in thickness and 
cover many acres. The ore is generally hard 
and massive, but locally where associated with 
slate or phyllite it is soft, laminated, and 
schistose. It consists of a mixture of hema- 
tite and magnetite and contains as impurities 

1 Wold, O. M., The ancient sedimentary iron ores of British 
India: Econ. Geology, vol. 10, pp. 43r»-4.~>2, 101:". 

Holland, T. II., Geology of the neighborhood of Salem, 
Madras Presidency : Geol. Survey India Mem. 30, pt. 2, pp. 
103-168, 1901. 



quartz and chlorite or pale-green amphibole 
(griinerite). Some of the - ore contains as 
much as 68 per cent metallic iron and only 
about 2 or 3 per cent of impurities. As silica 
and amphibole increase the ore grades into 
hematitic and magnetitic quartzite and jasper. 

The ores are supposed to be original sedi- 
ments that were precipitated chemically as 
ferric hydroxide and later metamorphosed to 
their present form. 

Beds of siliceous iron ore and associated fer- 
ruginous rocks similar to those of Brazil and 
India occur in Dunderland, in the northern 
part of Norway. 

Jurassic limonite, or "minette" ore, is of 
widespread distribution in northern France 
and southern Germany, and is of great impor- 
tance commercially. 2 The ore occurs as lentic- 
ular beds interlayered with shale, sandstone, 
and marl of Middle Jurassic (Dogger) age, not 
far above the underlying Lias marls. The 
seven principal ore beds vary in thickness, the 
maximum being 20 feet, and occur within a 
vertical distance of 75 to 150 feet. They are 
separated from one another by beds of marl 
and limestone. The sedimentary beds are 
nearly horizontal but have a very gentle dip 
to the west, and the iron-ore layers conform in 
structure with the sediments. 

The ore beds consist mainly of oolitic limo- 
nite, soft and earthy, different beds having dif- 
ferent colors, such as gray, brown, red, green, 
and yellow. With the limonite occur some cal- 
cite, siderite, secondary magnetite, and iron 
silicates, mainly glauconite, but berthierine. 
chamosite, and thuringite also have been found. 
The spherules that make up the oolitic ore arc 
about the size and shape of millet seed or 
smaller, and consist of ferric hydroxide with a 
skeleton of silica. They are cemented by silica, 
lime, and clav shale. 



2 Elnecke, G., and KBhler, W., Die Elsenerzvorrate des 
Deutsehen Relches : The Iron-ore resources of the world, 
p. 670, Stockholm lnternat. Cong. Geol., 1010. 

Dbndellngcr, V. M., Die Mlnette lm Grossherzogtum Lux- 
emburg : Idem. p. 43. 

Nicou, L., Les ressources de la France en minerals de 
fer : Idem, p. 3. 

Cayeux, L., Les minerals de fer oolithlque de France, 1900 

Kohlmann, W., Die MInettenablagerungen des lothring- 
Ischen Jura : Stahl und Eiscn, 1002, pp. 493-503 ; 554-G70, 
1273-1287, 1340-1357. 

Van Werwecke, L., Bemerkung ueher die Zusammcnset- 
zung und Entstehung der lothringiseh-luxeniburglschen 
o«"»lithischen Elsenerze : Zeltschr. prakt. (Jeologie, 1901, p. 
396. 



Digitized by 



Google 



GEOLOGIC IMPORTANCE OF IRON-DEPOSITING BACTERIA. 



53 



The oolitic limonite is of low grade and con- 
tains abundant impurities. The range in com- 
position of ore from different beds is as fol- 
lows: 

Range in composition of Jurassic limonite of France 
and Germany. 

Per cent. 

Pe 34- 40 

SIO, 7- 16 

AkO. • 2- 8 

CaO 6- 19 

P 0.3-0.7 

CO,+H,0 14- 22 

Hypotheses have been offered for the origin 
of the Jurassic limonite similar to those ad- 
vanced for the origin of the Clinton ores. It 
was formerly held that the ores were re- 
placements of oolitic limestone beds, due to 
the action of iron-bearing waters. More re- 
cently, however, hypotheses have been ad- 
vanced claiming that the ores were depos- 
ited as original iron-bearing sediments. Some 
investigators believe that the ore was orig- 
inally deposited as oolitic siderite and that 
it has subsequently been oxidized in large 
part to limonite. Others, who have found 
iron silicates in the ore beds as well as silica 
in the ore spherule, claim that, in part at least, 
the ore is an alteration product of original iron 
silicates, perhaps glauconite. Still others hold 
that the beds were deposited essentially in their 
present form, mainly as limonite, but with ad- 
mixtures of iron carbonate and iron silicates. 

Bog iron ore is found in many parts of the 
world. It consists essentially of an earthy yel- 
low to rod or dark-brown mixture of ferric 
hydroxides, mainly limonite but with associ- 
ated limnite and xanthosiderite. With these 
hydroxides occur some silicate, sulphate, and 
locally carbonate of iron, besides organic mat- 
ter and clastic material, such as sand and clay. 
Bog iron ore is usually high in phosphorus, 
which is present as the iron phosphate, vivian- 
ite, 1 and locally wad or bog manganese also is 
an abundant constituent. The organic matter 
consists of humus substances and of plant re- 
mains, such as leaves and sticks, which may be 
in part or entirely replaced by limonite. 

Bog iron ores are of two kinds — (1) those 
formed in lakes by water currents and known 

, Van Bemmelen, J. M., Hoitsema, 0., and Klobbie, E. A., 
Ueber das Vorkoramen, die ZusamniensetzunK und Bildunn 
▼on.Eisenanhaufungcn in und unter Mooren : Zeltschr. anorg. 
Cbemie, Band 22, pp. 313-370, 1700. 



as lake ores, 2 and (2) those formed in place in 
still water and occurring either as surface 
layers lying on soil or below a layer of porous 
surface soil and resting on clayey impervious 
subsoil. 

Lake ores have been described from locali- 
ties in Ontario and Quebec in Canada and 
from the eastern United States, as well as from 
Sweden and other places in northern Europe. 
The Canadian deposits, which are typical, con- 
sist mainly of layers of flat disklike or irregu- 
lar concretions of ferric hydroxide that extend 
along the shores of lakes in which vegetation 
is abundant and into which streams carry 
iron-bearing water. The layers may attain a 
foot or two in thickness and are usually thick- 
est at the water's edge and thin out toward the 
lake, few concretions being found where the 
water is more than 2 feet deep. The concre- 
tions themselves range from less than an inch 
to a foot or more in diameter. They contain 
quartz grains as impurities and are apparently 
formed around sand grains as nuclei by the 
rolling action of waves and currents. In the 
lower portion of such a layer of concretions, 
broken concretions with soft limonite and saiid 
usually occur, and with them a green ferrous 
salt, perhaps a silicate or a sulphate, is gener- 
ally found. Locally instead of concretions a 
layer of soft or hard, yellow, porous, bedded 
limonite occurs in the shallow water, and in 
still other places limonite occurs as cement in 
sand. In the deeper water of the lakes into 
which iron-bearing waters flow the distribu- 
tion of the deposits is usually irregular, but 
in many places 6 to 8 feet of ocherous, slimy 
mud occurs at the bottoms of the lakes. Iron 
carbonate is usually absent in lake ore de- 
posits. 

The second type of bog ore usually forms in 
marshes, peat bogs, or other shallow surface 
depressions. These deposits may occur imme- 
diately at the surface but are more commonly 
found below several feet of porous surface 
soil and in many places are mixed with humus 
or peat. They form horizontal tabular bodies, 
as a rule of small circumference and of no 
great thickness. Some deposits have a piso- 
litic texture, consisting of small spherules of 

2 Moore, E. J., The occurrence and origin of some bop Iron 
deposits In the district of Thunder Bay, Ontario : Econ. Geol- 
ogy, TOl. 5, pp. 528-537, 1910. 
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porous yellow ocher, the interstices of which 
are filled with hard brownish-black limonite; 
others consist of layers of concretions or nod- 
ules embedded in sand or sandy clay, and 
commonly contain much iron carbonate and 
vivianite; and still others form solid, thin, 
tabular bodies consisting of sand and clay 
impregnated and cemented by limonite. 
Where much peat is present irregular nests of 
bog ore that consist almost entirely of white, 
amorphous iron carbonate are numerous. 1 
Such deposits are common in the Netherlands 
and northern Germany. 

Bog iron ores are distributed through many 
parts of the world but are especially abun- 
dant in the glaciated N northern regions of 
North America, Europe, and Asia. 2 In these 
regions percolating waters dissolve iron from 
the glacial drift, where it is abundantly pres- 
ent as magnetite as well as iron, silicates. 
Shaler states that in the glacial drift in New 
England 1 to 3 per cent of magnetite is found. 
The iron may be carried in solution as soluble 
carbonate, as sulphate, or combined with or- 
ganic acids, and may be precipitated chemi- 
cally or biologically. Chemical precipitation 
takes place either by removal of the solvents, 
by reaction with other materials in solution, 
or by oxidation. Biologic precipitation oc- 
curs through the action of microorganisms. 
Deposition usually takes place in small lakes 
or marshes, which are abundant in glaciated 
regions. The form in which the iron is pre- 
cipitated depends on a number of factors, such 
as the form in which the iron is being carried 
in solution, the amount of oxygen present, the 
amount of organic matter present, and the 
presence of other materials in solution. 
Usually the conditions are so varied, however, 
that a mixture of iron salts is deposited, in- 
cluding ferric hydroxides, iron silicates, iron 
phosphate, and in places iron carbonate, iron 
sulphate, or iron sulphide, and perhaps ferri- 
humates or basic ferric salts. The deposition 
is described in more detail on pages 75-82. 

Very few localities are known in which de- 
posits of ferric hydroxide are at present form- 



a Van Bemmelen, J. M., IIoitBoma. t\, Jind Klobblo, E. A., 
op. cit. 

*Dake, O. L., The formation ami distribution of bog Iron 
ore deposits: Am. Inst. Min. Kn«. Hull., July, 1 :»!.">, pp. 14*20- 
1430. 

Shaler, N. S., General account of the fresh-water morasses 
of the United States : U. S. Geol. Survey Tenth Ann. Kept., 
pt. 1, p. 305, 1S00. 



ing in marine marshes, and it is supposed that 
the salts in solution in sea water interfere with 
the precipitation of ferric hydroxide. How- 
ever, locally on the east coast of Brazil there 
are small areas of Tertiary marine sediments 
in which beds of sandy limonite are abundant, 
and in Huelva Bay, on the south coast of 
Spain, limonite is being deposited at present 
from iron-bearing mine waters. The "red 
mud," a terrigenous oceanic deposit which oc- 
curs locally on the borders of the continents in 
place of the more widespread " blue mud," also 
contains considerable ferric hydroxide. 8 Such 
deposits are forming along the coast of Brazil 
and in the Yellow Sea and are caused by 
abundant ocherous material being brought by 
the rivers to the ocean. Whether the precipi- 
tation of ferric hydroxide in these localities 
occurs in the waters of the rivers before they 
reach the sea or in the marine waters it is not 
possible to say. 

DEPOSITS OKIOINALLY LAID DOWN MAINLY A8 
FERROUS CARBONATE. 

Probably next in importance to ferric hy- 
droxide as an original iron-bearing sediment is 
ferrous carbonate (FeC0 8 ). This compound 
has a theoretical composition of iron protoxide 
C2.1 per cent (Fe 48.2 per cent), and carbon 
dioxide 37.9 per cent. 

Ores originally deposited mainly as iron 
carbonate include the clay ironstones and 
" black band " ores of the " Coal Measures " 
in both the United States and Europe, the 
oolitic siderite of the Jurassic in the Cleveland 
Hills and other parts of England, the cherty 
siderite and much of the hematite in the great 
pre-Cambrian iron-bearing beds of the Lake 
Superior district, and possibly a considerable 
part of the Jurassic oolitic limonite of north- 
ern France and southern Germany already de- 
scribed. Besides these ores there are large de- 
posits of iron carbonate which have usually 
been regarded as originating by the replace- 
ment of limestone but many of which may be 
of primary origin. They include the beds of 
iron carbonate near Bilbao and in southern 
Spain, those of Erzberg in the Styrian Alps, 
and many others of minor importance. 

Ironstone concretions and black-band ores 
of Carboniferous age occur in Ohio, Pennsyl- 

3 Murray, J., and Hjort, J., The depth of the ocean, pp. 
161 et seq., 1912. 
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"vunia, West Virginia, and elsewhere in the 
eastern United States and also in Great Brit- 
ain and parts of Germany. In the eastern 
United States ores of this nature are found 
principally in strata of lower Pennsylvanian 
age (Pottsville and Allegheny), though scat- 
tered beds occur both above and below this 
horizon. The siderite beds, which vary some- 
what in form and structure, are classed under 
four groups. The most important of these 
groups are the limestone ores, so called be- 
cause they occur at or near the top of lime- 
stone strata. These beds range from a few 
inches to several feet in thickness and have a 
pockety character because of variations in 
thickness in short distances. The ore is dense 
and close-grained and has a gray or bluish- 
gray color. The second type of siderite ore is 
called block ore because it cleaves into blocks 
when mined. These beds are more persistent 
and of more uniform thickness than the beds 
of limestone ore but usually contain a con- 
siderable amount of sand as impurity. The 
third group includes the concretionary or kid- 
ney ores. The ironstone concretions, though 
not regularly bedded, occur at definite strati- 
graphic horizons as peculiar rounded masses 
scattered through zones of clay or shale 3 to 6 
feet thick. The fourth group, the black band 
ores, consist of iron carbonate with more or 
less intermixed bituminous and earthy matter. 
They occur as layers a few inches in thick- 
ness, interbedded with carbonaceous shale in 
zones 10 to 15 feet in thickness. They are gen- 
erally of higher grade than the other carbon- 
ate ores. Where beds of iron carbonate of 
any of these types are exposed to weathering 
they are altered to limonite for varying dis- 
tances from the outcrop. 

In Great Britain 1 three types of ironstone 
are mentioned, of which two are important — 
the black band ores, which are closely asso- 
ciated with coal seams, and the clay-band ores. 
Both types occur as beds or seams, lenslike in 
character and varying from a few inches to 
several feet in thickness. In central England 
there are a dozen or more important beds of 
black-band and clay-band ironstone in the Up- 
per and Lower Coal Measures. The third type 

1 Louis, IT., The Iron resources of the United Kingdom of 
Great Britain and Ireland : The iron-ore resources of the 
world, Cong. geol. Interna t, Stockholm, p. 637, 1910. 



of iron carbonate ore is the nodular ironstone 
that occurs in parts of Ireland. The average 
range in composition of iron carbonate ores of 
the Coal Measures of Great Britain is, iron 
26 to 35 per cent, silica 10 to 20 per cent, and 
phosphorus 0.5 to 1 per cent. 

These sedimentary iron carbonate beds are 
supposed to have been formed by chemical 
precipitation from iron-bearing waters under 
conditions where oxidation could not take 
place. The presence of coal beds and carbona- 
ceous shales in association with the ore indi- 
cates the presence of abundant vegetation at 
the time of deposition. The precipitation of 
iron carbonate probably occurs in shallow la- 
goons or marshes along the sea coast, and is 
due to the absorption by plants of the excess of 
carbon dioxide which held it in solution. Some 
of it may have been precipitated as ferric 
hydroxide, which upon settling to the bottom 
and becoming mixed with decaying organic 
material, was reduced to ferrous carbonate. 
Kidney ores were not originally deposited as 
such, but represent later segregations of iron 
carbonate originally deposited with muds. 

Oolitic siderite beds of Middle and Lower 
Jurassic age 2 are found in the Cleveland Hills 
and in Northamptonshire, Lincolnshire, and 
elsewhere in the eastern part of England. The 
principal beds in the Cleveland Hills occur in 
the Middle Lias (Lower Jurassic), which con- 
sists of about 125 feet of nearly horizontal 
shale, sandstone, and ironstone. Four beds of 
ironstone occur, and these range in thickness 
from 1£ to 12 feet and have a combined aver- 
age thickness of 16 feet. The main seam, 
which ranges in thickness from 6 to 12 feet, 
consists of impure bluish oolitic siderite that 
averages iron 30 to 35 per cent, silica 6 to 12 
per cent, and phosphorus pentoxide (P 2 5 ) 1 
to 3 per cent. 

In Northamptonshire there is only one im- 
portant bed of iron carbonate, which lies at 
the base of the Lower Oolite (Middle Juras- 
sic). Its maximum thickness is 30 feet and 
its average thickness throughout the district 
is about 9 feet. It is siliceous siderite of gray, 
green, or blue color and is oxidized to sandy 
brown or yellow limonite where exposed to 
weathering. The siderite averages in compo- 



8 Louis, II., op. cit, p. 030. 
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sition from SO to 35 per cent of iron, 12 to 14 
per cent of silica, and 0.5 to 1 per cent of 
phosphorus. 

The Lincolnshire ironstone bed occurs in the 
middle of the Lower Lias (Lower Jurassic). 
The thickness ranges from 10 to 25 feet, and 
averages about 12 feet. It lies nearly hori- 
zontal and where known consists mainly of 
calcareous brown hematite, having been oxi- 
dized by weathering agencies. 

The oolitic siderites of England occur at ap- 
proximately the same geologic horizons as the 
oolitic limonites of northern France and south- 
ern Germany, and this situation is somewhat 
suggestive of a similar origin. However, the 
Jurassic ores of England are mainly iron car- 
bonate which is altered only at the surface to 
limonite, whereas the ores of France and Ger- 
many, where deep mining has taken place, do 
not seem to alter their character markedly with 
depth. 

Probably the most extensive beds of iron 
carbonate known are those of the Lake Su- 
perior region already mentioned. 1 Though 
the iron-bearing formation as exposed at pres- 
ent in this region consists almost entirely of 
oxidized rocks, such as hematitic and limonitic 
chert and slate and iron ore, these rocks have 
been found to grade downward into cherty 
iron carbonate and silicate in a sufficient num- 
ber of places to make the phenomenon appear 
fairly general. 

The iron-bearing formation in the Lake Su- 
perior district is associated with basic vol- 
canic rocks of Archean age and with metamor- 
phosed sediments and volcanic rocks of lower, 
middle, and upper Huronian age. The beds 
are of great thickness and longitudinal ex- 
tent, those of the upper Huronian being most 
widespread. Iron-bearing rocks of Archean 

iVan Hise, C. R., and Leith, C. K. f The geology of the 
Lake Superior region : U. S. Geol. Survey Mon. 52, 1911. 

Irving, R. D., and Van Hise, C. R., The Penokee Iron- 
bearing series of Michigan and Wisconsin : U. S. Geol. 
Survey Mon. 10, 1802. 

Van Hise, C. R., Bayley, W. S., and Smyth, II. L., The 
Marquette iron-bearing district of Michigan : U. S. Geol. 
Survey Mon. 28, 1807. 

Clements, J. M., Smyth, H. L., and Bayley, W. S., The 
Crystal Falls Iron-bearing district of Michigan: U. S. Geol. 
Survey Mon. 36, 1800. 

Clements, J. M., The Vermilion Iron-bearing district of 
Minnesota : U. S. Geol. Survey Mon. 45, 1003. 

Bnyley, W. S., The Menominee Iron-bearing district of 
Michigan : V. S. Geol. Survey Mon. 46, 1004. 

Ilarder, E. C, and Johnston, A. W., Preliminary report on 
the geology of east-central Minnesota including the Cuyuna 
Iron-ore district : Minnesota GeoL Survey Bull. 15, 1018. 



and lower Huronian age are found only in the 
Vermilion district in northern Minnesota, and 
iron-bearing rocks of middle Huronian age 
are found only in the Marquette district in 
northern Michigan. The upper Huronian 
iron-bearing formation, however, is found 
throughout most of the Lake Superior district. 

The Archean iron-bearing formation is in- 
folded in Keewatin greenstone, the relation 
between them indicating that the iron-bear- 
ing formation is the younger. In places, how- 
ever, bands of the iron-bearing formation are 
interbedded with greenstone flows, indicating 
contemporaneous origin. The lower Huron- 
ian iron-bearing formation lies on conglomer- 
ate and is overlain by slate. It is of little im- 
portance. The middle Huronian iron-bearing 
formation is underlain by slate and overlain 
unconformably by conglomerate and quartzite. 
The upper Huronian iron-bearing formation 
is in general underlain by quartzite or gray- 
wacke and is overlain by a great thickness of 
quartzose, micaceous, chloritic, and carbona- 
ceous slate with associated basic volcanic rocks. 
Extensive layers and lenses of iron-bearing 
formation entirely inclosed in the slate also 
occur in the upper Huronian, as in the Cuyuna 
and Crystal Falls districts. 

The unaltered beds of the iron-bearing 
formation consist largely of cherty siderite, 
grayish white to gray or greenish gray in 
color. With the cherty siderite are interbed- 
ded, here and there, layers of sideritic slate 
of grayish or greenish color. The cherty sider- 
ite in detail consists of interlaminated dense, 
fine-grained chert and siderite, usually in very 
thin layers. The average composition of 
cherty siderite is, iron 25 per cent and silica 40 
per cent. 

In their general occurrence and their rela- 
tion to the inclosing sediments the Lake Su- 
perior cherty and slaty siderite beds resemble 
other sedimentary iron carbonates. Because of 
this general similarity they were formerly re- 
garded as having the same origin. More re- 
cently, however, on account of their great thick- 
ness and their conspicuous association with 
basic volcanic rocks, a hypothesis has been ad- 
vanced that ascribes their origin, at least in 
part, to igneous agencies. 2 The iron is sup- 
posed to have been derived from basic igneous 

" Van Hise, C. R., and Leith, C. K., op. cit, pp. 499 et eeq. 
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rocks, the eruption of which occurred at ap- 
proximately the same time as the formation of 
the iron-bearing sediments. These eruptive 
rocks, which are rich in iron, are now repre- 
sented by greenstones, which occur at various 
horizons from the Archean to the upper Hu- 
ronian. The iron, according to Van Hise 
and Leith, may have been derived from the 
eruptives in three ways: (1) A part may have 
been derived through processes of weathering 
from lavas extruded on land areas. (2) An- 
other part may have been given off by reactions 
between sea water and hot subaqueous erup- 
tive rocks. (3) Most of it, however, probably 
came from hot magmatic solutions that were 
squeezed out of the lavas during solidification. 
The precipitation of the iron carbonate and 
silicate from solution is believed to have been 
the result of simple chemical reactions between 
ftrrous solutions, alkaline silicates, and car- 
bon dioxide. The deposition of the iron-bear- 
ing sediments took place in marine waters, the 
ferruginous materials being distributed over 
large areas by currents. The conditions of 
deposition differed considerably in different 
parts of the district and in the different epochs, 
causing a great diversity in the occurrence of 
the iron-bearing sediments. 

The iron carbonate deposits of Bilbao, in 
northern Spain, are scattered over an area 
about 30 kilometers in length and 2 to 8 kilo- 
meters in width. 1 They occur as irregular 
tabular masses in the upper part of a thick 
Cretaceous limestone overlain by calcareous 
shale. The masses are said to have a maxi- 
mum thickness of 100 feet. Along the out- 
crop and for some distance in from the sur- 
face they are altered to hematite and limonite. 
The iron carbonate is supposed to have been 
formed by the replacement of limestone by 
iron-bearing waters that percolated downward 
from the overlying shale. Their tabular shape 
and their occurrence at a definite horizon, 

*VIdal, L. M., Resume" dps glsemonts do for do TERpa^no : 
The iron ore resources of the world, (on. pool, lnternat., 
Stockholm, p. 49, 1010. 

Adams, F. D., Notes on the iron-ore deposits of Bilbao, 
northern Spain : Canadian Min. Inst. Jour., vol. 4, pp. 19G- 
204, 1901. 

Czyszkowskl, M. S., Exploration peolo^ique de la region 
ferrifere de Bllbao-Soraorrostro. 1879. 

John, Die Elsenerzlaserstiitten von Bilbao und Ihrer 
Bedeutung fiir die zul.iinftijre Elsonversorgung Grossbritan- 
nlens und I»outschlnnds : Glttckauf, vol. 46, pp. 2002-2013, 
2045-2052, 1910. 



however, suggest the possibility of their direct 
sedimentary origin. 

The iron carbonate ore in northern Styria 
occurs in the so-called "graywacke zone," a 
complex of Paleozoic rocks lying between the 
granite, schist, and gneiss of the central part 
of the eastern Alps and the Triassic sediments 
of the northern part. 2 It is found over an area 
about 50 kilometers in length, east and west, as 
scattered deposits. 8 The principal ore bed oc- 
curs at Erzberg and has a maximum thickness 
of 125 meters. Underlying it unconformably 
is the Sauberg limestone of Lower Devonian 
age, which consists of interlayered limestone 
and ankerite. The ankerite commonly passes 
over into siderite. Between the main ore bed 
and the limestone is a thin bed of dark seri- 
citic schist. Overlying the ore bed unconform- 
ably are Lower Triassio rocks, which consist 
of first a conglomerate and then a grayish- 
green sandstone, which passes upward into red 
Werfener slates. The ore bed itself consists of 
dense fine-grained siderite and here and there 
contains more coarsely crystalline siderite 
along fissures and fractures. Local inter- 
bedded layers of shale and limestone are found 
in it. 

The generally accepted hypothesis for the 
origin of this ore is that it was formed by the 
metasomatic replacement of limestone by iron 
brought in by percolating waters. The chief 
evidence cited is that small siderite deposits 
are irregularly distributed in the Sauberg lime- 
stone and that sulphides occur in the ore beds. 
However, the well-developed bedding of the 
iron carbonate and the fact that fragments of 
ore occur in the basal Triassic conglomerate 
above the ore bed would indicate that at least 
the principal ore bed is of sedimentary origin, 2 
though the siderite in the Sauberg limestone 
may be a later replacement. 



DEP08IT8 OKIOINALLY LAID DOWN MAINLY A8 IROK 
SILICATES. 



Iron silicates of several kinds occur as sedi- 
ments, the most widespread probably being 
^rlauconite. This mineral has no definite 

* Singewald, J. T., Jr., The Erzberg In Styria : Eng. and 
Min. Jonr., vol. 92, p. 22, 1911. 

* Uhlig, V., Die Elsenerzvorrate Oesterrelchs : The Iron-ore 
resources of the world, Cong. geol. lnternat., Stockholm, p. 
143, 1910. 
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chemical composition but is essentially a hy- 
drous silicate of iron and potassium with some 
alumina. When pure it probably has ap- 
proximately the composition represented by 
the formula Fe^KSijO^aq. 1 Alumina may 
replace a part of the iron. The iron is 
largely in the ferric form, but a variable 
though small amount of ferrous iron is always 
present. Glauconite is common in sedimentary 
rocks of many different ages but especially of 
the Cretaceous. It is usually more or less dis- 
seminated, but locally it forms pure beds and 
lenses. 

Another important iron silicate found in 
sediments is the hydrous ferrous or ferroso- 
ferric silicate, greenalite, which occurs along 
with cherty siderite as an original constituent 
locally in the Lake Superior iron-bearing 
formation. 2 Greenalite has the composition 
FeSi0 8 .nH 2 or Fe'" 2 Fe" 3 (Si0 4 ) 8 .3H 2 0. A 
part of the ferrous iron may be replaced by 
magnesium. 

Besides these there are four other more or 
less related hydrous silicates of iron — thuring- 
ite, chamosite, berthierine, and bavalite — 
which are quite widespread. Only the first of 
these has a definite chemical formula, which 
is as follows: 8Fe0.4(AlFe) 2 3 .6Si0 2 .9H 2 
(silica, 22.8 per cent; alumina, 17.2 per cent; 
ferric oxide, 13.5 per cent; ferrous oxide, 36.3 
per cent; combined water, 10.2 per cent). The 
other three silicates differ from thuringite in 
that they contain a higher percentage of iron 
protoxide, only a small percentage of alumina, 
and little or no ferric iron. 

Thuringite and chamosite are said to be the 
principal minerals in certain lenses of iron ore 
of Lower Silurian age in Bohemia and in Thur- 
ingia, Germany. Thuringite is olive-green in 
color and scaly, and chamosite is dark grayish 
green and either compact or oolitic. Chamo- 
site is an abundant constituent of the Wabana 
iron ore of Newfoundland, in which it is asso- 
ciated with compact and oolitic hematite. 
Berthierine occurs in northern France as a con- 
stituent of the Jurassic oolitic ores, associated 



1 Clarke, F. W. f The data of geochemistry, 3d ed. : U. S. 
Geol. Survey Bull. 616. p. 517, 1016. 

*Leith, C. K., The Mesabi iron-bearing district of Minne- 
sota : U. S. Geol. Survey Mon. 43, pp. 239 et seq., 1903. 

Van Hlse, C. R., and Leith, C. K., The geology of the Lake 
Superior region : U. S. Geol. Survey Mon. 52, pp. 165, 521, 
1911. 



with limonite, siderite, and other minerals. 8 
Bavalite is found in scattered deposits in Brit- 
tany, where it is interbedded with metamor- 
phosed rocks. 4 

Glauconite occurs as dark-green granules 
widely distributed in sedimentary rocks and is 
also being deposited at the present time in 
many places on the ocean bottom. It forms 
a green granular sediment and is generally 
more or less mixed with other sedimentary ma- 
terial, especially fine sand and silt. The sepa- 
rate granules usually have the shape and size 
of foraminiferal shells, and many of them still 
have fragments of shells attached to the outside 
of them. Many also are distinct internal casts 
of Foraminifera. Very few glauconite grains 
exceed 1 millimeter in diameter. 

At the present time glauconite is forming 
most abundantly in comparatively shallow 
waters and near the mud line surrounding the 
continental shores just beyond the limit #f 
wave and current action. 5 The depth at which 
it commonly forms ranges between 100 and 
200 fathoms, but in some places it forms at 
depths as great as 900 fathoms. The entrance 
of large rivers interferes with its formation. 

The common occurrence of glauconite inside 
shells of Foraminifera has led to the belief that 
these organisms are concerned in its formation. 
The dead organisms are supposed to drop to 
the bottom, whereupon the shells become filled 
with fine mud which in the presence of the 
sulphates in sea water is acted upon by the de- 
caying organic matter in the shell. 6 The iron 
supposed to be contained in the mud is reduced 
to sulphide, and this afterward oxidizes to fer- 
ric hydroxide, setting free sulphuric acid. The 
sulphuric acid acts upon the alumina, causing 
it to be removed in solution and at the same 
time colloidal silica is set free. The colloidal 
silica reacts upon the ferric hydroxide and in 
the presence of potassium salts, supposed to be 
derived from adjacent decomposing minerals, 
forms glauconite. Sediments with which glau- 
conite is associated are said to contain invari- 

3 Clarke, F. W., The data of geochemistry, 3d ed. : U. S. 
Geol. Survey Bull. 616, pp. 516-518, 1916. 

* Dana, E. S., System of mineralogy, p. 658, 1914. 

8 Murray, J., and Renard, A. F., Challenger Kept, Deep-sea 
deposits, p. 383, 1891. 

a Clarke, F. W., The data of geochemistry, 3d ed. : U. 8. 
Geol. Survey Bull. 616, p. 135, 1016. 

Murray, J., and Renard, A. F., op. cit. 
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ably abundant orthoclase, muscovite, and other 
minerals from which potassium may have been 
derived. Other materials commonly found 
with glauconite in greensand are quartz, horn- 
blende, magnetite, augite, zircon, garnet, and 
varying amounts of calcareous matter derived 
from shells. 

Glauconite is disseminated in marine sedi- 
ments of all geologic ages, forming strata 
"which are known as greensand. In the Paleo- 
zoic rocks greensand is probably most abun- 
dant in Cambrian and Ordovician strata. 
Cambrian greensand is common in the north- 
central United States, where it is associated 
"with siliceous limestone and fine calcareous 
sandstone beds. Ordovician ("Lower Silu- 
rian ") greensand occurs in the Baltic provinces 
of Russia. In the Mesozoic rocks glauconite is 
particularly abundant in the Cretaceous forma- 
tions both in Europe and North America. In 
England it occurs throughout the southern 
counties as well-defined beds generally inter- 
layered with sand, marl, and clay. It is so 
abundant along certain zones that they are 
known as greensand horizons. The principal 
greensand horizons are in the upper part of the 
Lower Cretaceous and in the lower part of the 
Upper Cretaceous. The principal chalk beds oc- 
cur above them ii> the Upper Cretaceous. In 
the Atlantic and Gulf coastal sediments of the 
United States greensand occurs in the Creta- 
ceous and in the overlying Eocene deposits. 1 
It is found more or less abundantly through- 
out the strata, being associated with coarse and 
fine sand, clay, and marl. Locally beds of pure 
glauconite occur. 

Below is shown the range in composition of 
glauconite obtained from different localities. 2 

Range in composition of glauconite from different 
localities, 

SiO, 40. 00-53. 61 

A1,0« 6.62-13.00 

FfcO. 15. 16-23. 43 

FeO 1. 32-10. 17 

MgO .95- 2.97 

CaO .57- 1.97 

Na,0 . 42- 2. 16 

K z O 3.49-9.54 

H 2 0___ 4.93-10.32 



1 Clark, W. B., Origin and classification of the greensands 
Of New Jersey : Jour. Geology, vol. 2, pp. 161-177, 1894. 
• Clarke, F. W., op. cit., p. 518. 



The occurrence and character of the Lake 
Superior iron-bearing formation have already 
been described. Although cherty siderite is the 
principal rock in the unaltered iron-bearing 
formation, there are localities in the Penokee- 
Gogebic district where a considerable amount 
of greenalite occurs with it, along certain hori- 
zons, and other localities, as in the Mesabi dis- 
trict, where most of the formation is believed 
to have originally consisted of greenalite. 8 

Greenalite forms a dark-green, hard, com- 
pact rock with oolitic texture. The greenalite 
spherules have a maximum diameter of a mil- 
limeter or more and in shape they vary from 
spherical to oval or elliptical. They differ 
from spherules of Clinton hematite and Wa- 
bana ore in that they do not show concentric 
layering. They are usually homogeneous 
throughout and consist of green amorphous 
material which in places has a little siderite or 
chert or crystalline ferrous silicate intermixed. 
The matrix in which the spherules are em- 
bedded consists in places of chert and else- 
where of a light-greenish crystalline ferrous 
silicate, probably griinerite. 

Greenalite rock may occur as beds of con- 
siderable thickness, but as a general rule it is 
thin bedded and is interlayered with thin beds 
of dense black ferruginous slate. Upon expo- 
sure to surface weathering the greenalite rock 
is altered to a peculiar granular, speckled, 
hematitic chert to which the name taconite has 
been given. 

The following shows the range in composi- 
tion of greenalite from the Mesabi district, 
Minn. 4 

Range in composition of greenalite from Mesabi 
district, Minn. 

SiO a 46. 12-61. 90 

A1 2 0, . 37- 1. 09 

Fe*0. 5. 01-15. 00 

FeO 10.28-30.93 

MgO 2. 33- 5. 35 

CaO .00- .28 

H a O— . 75- 2. 50 

H,0+ 4. 17- 6. 41 

The chamosite ores of Bohemia are found in 
the Brdagebirge, the principal deposits occur- 

8 Lelth, C. K., The Mesabi iron-bearlnj? district of Minne- 
sota : U. S. (Jeol. Survey Mon. 43, pp. 101 et seq., 1903. 
< Idem, p. 108. 
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ring in the region of NuSitz. 1 Beds of this 
ore are located at the base and near the top of 
a certain horizon in the Silurian known as 
horizon " D." 

The base of horizon " D " consists of gray- 
wacke and slate with sheets of diabase and dia- 
base tuff and layers of iron ore which seem to 
be genetically related to the diabase. The iron 
ore is mainly oolitic hematite, but oolitic fer- 
rous silicate (mainly chamosite) is abun- 
dantly associated with it. It occurs in lenticu- 
lar beds which range from a thin film to 18 
meters in thickness and is widely distributed. 
Near the surface the chamosite is altered to 
limonite. 

In the upper part of horizon "D " also 
several zones containing beds of iron ore oc- 
cur. The rocks consist mainly of graywacke 
and graywacke slate, the former containing 
light-colored quartzite layers. The ore beds 
are associated «rith the slates. They are len- 
ticular in shape and in places, as in the vicin- 
ity of Nu6itz, reach a maximum thickness of 
22 meters. The ore is oolitic dark-green or 
bluish-green ferrous silicate with a more or 
less sideritic or slaty matrix. At the surface 
it is altered to limonite. The beds are lens- 
shaped and pinch out horizontally. 

Near Schmiedefeld, in the Thuringian For- 
est, widely distributed beds of ferrous silicate 
occur in rocks of Lower Silurian age. They 
extend over many square miles and are so con- 
stant that they are taken as horizon markers. 
The lower bed, which is unimportant, is found 
just above a Cambrian quartzite and grayish- 
green argillaceous schist and is overlain by a 
few meters of micaceous quartzite schist. This 
is overlain by the main ore bed, 15 to 20 meters 
thick, above which are Lower Silurian clay 
slates. 2 The lower bed is only a few meters 
thick and locally is represented by two layers. 
It contains much hematite, usually oolitic. 
The upper bed is extensive and consists of 
chamosite and thuringite, the former being 
predominant. The chamosite is silver-gray to 
black in color and shows oolitic texture. At 

1 Beyschlap, F., Krusch, P., and Vopt, J. H. L, Die Lager- 
statten der nutzbaren Mineralien und Gesteine, Band 2, pp. 
528 et seq., 1913. 

Uhllg, V., Die Elsenerzvorrftte Oesterreichs : The iron-ore 
resources of the world, Cong. geol. internat., Stockholm, pp. 
148 et seq., 1010. 

2 Beyschlag, F., Krasch, P., and Vogt, J. H. L. f op. clt, 
Band 2, pp. 531 ct seq. 



the surface it alters to limonite. The thuring- 
ite is olive to dark green in color and fine 
scaly, dense, or oolitic in texture. A large 
quantity of iron carbonate occurs with the fer- 
rous silicates. 

The association of chamosite with hematite 
in the Newfoundland oolitic iron-ore beds has 
been mentioned on page 50. 8 It is found in the 
spherules and in the interstices between the 
spherules composing the ore beds and occurs 
also in the matrix of the clastic sediments that 
inclose the ore beds. In the leaner portions of 
the ore layers chamosite is abundant in the 
spherules and either occurs concentrically in- 
terlayered with hematite or forms entire 
spherules itself. In this form it is usually dense 
and amorphous. In the matrix between the 
spherules and in the inclosing clastic rocks the 
chamosite is nonoolitic and shows a micro- 
crystalline or finely crystalline texture. Occa- 
sionally it forms large tabular crystals. 

Hayes 4 gives the following recalculated 
average analyses of Wabana chamosite: 

Recalculated average analyses of Wabana chamosite from 
Newfoundland. 



Si0 3 .. 

FeO.. 
MgO. 
H 3 0.. 



24.87 


23.23 


19.45 


22.85 


'6.66 


1.00 


34.52 


38.99 


3.34 


3.25 


11.16 


10.68 



25.64 
19.75 

'39.*74 

2.98 

11.89 



The color of chamosite varies from light to 
deep green and occasionally has a grayish tint. 
Tubes, supposed to be those of boring algae, are 
abundant in the ore beds. Where these tubes 
penetrate chamosite they are usually lined 
with a coating of hematite, which is believed 
to have resulted from the oxidation of the 
chamosite by the action of the algae. 

DEP08ITS ORIGINALLY LAID DOWN MAINLY AS IEON 
SULPHIDE. 

Iron disulphide (FeS 2 ; iron, 46.6 per cent; 
sulphur, 53.4 per cent) is abundant in sedi- 
mentary rocks, occurring both as disseminated 
specks and nodules and as beds and lenses. It 
is generally present as pyrite, but in some 
recent sediments the black iron disulphide, 
melnikowite, has been found also. Marcasite 

1 Hayes, A. O., op. cit., p. 26. 
* Idem, p. 62. 
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more commonly occurs as a vein mineral. Fer- 
rous sulphide (FeS) forms a constituent in 
some modern lacustrine and marine sediments. 

Lenses of crystalline pyrite, of probable 
sedimentary origin but more or less recrystal- 
lized, occur interbedded with metamorphic 
rocks such as slate, schist, and quartzite, in 
Spain, France, Italy, Austria, Norway, and 
many other parts of the world. Beds of oolitic 
pyrite occur in the Ordovician rocks of New- 
foundland, and in the Devonian rocks of West- 
phalia, Germany. Melnikowite has recently 
been described as occurring in Miocene clays 
in southeastern Russia. 

More interesting probably than these, how- 
ever, are the deposits of hydrous ferrous sul- 
phide which characterize the black mud form- 
ing at present in the bottom of the Black Sea 
and neighboring limans and in bays on the 
island of Oesel, Gulf of Eiga, and elsewhere. 
Iron sulphide, some of which is probably in 
the ferrous form, also characterizes the " blue 
mud " deposited locally in the ocean bottom. 

In the Huelva region in southern Spain 1 
lenses of pyrite occur in sedimentary rocks, 
mainly clay slate with some graywacke and 
limestone belonging to the Culm (Lower Car- 
boniferous). The rocks are highly folded and 
faulted and have steep dips. The lenses have 
a maximum length of more than 1,100 meters 
and a maximum width of 180 meters. They 
occur at different horizons in the Culm and 
most of them are said to be closely associated 
with intrusive sheets of porphyry. On account 
of this association the pyrite lenses are usually 
described as being epigenetic in origin and as 
having been formed by hot solutions from the 
porphyry magma. Their interlayering with 
the sediments, however, and close concordance 
with them in strike and dip make a sedimen- 
tary origin not impossible. The Huelva pyrite 
lenses are important copper bearers and con- 
tain also some lead, zinc, arsenic, and silver, 
the occurrence of which is taken as additional 
evidence for their epigenetic origin. 

At Agordo, in the Venetian Alps of north- 
ern Italy, 2 lenses of pyrite, similar to those in 
the Huelva region, occur interlayered with 
pre-Carboniferous metamorphosed argillaceous 

1 BeyBchlas, F., Krusrh, P., and Vogt, J. II. L„ Die Lager- 
Btfltten der nutzbaren Mlneralien und Gesteine, Band 1, pp. 
311-323, 1910. 

1 Idem, pp. 320-328. 



schist, usually not far from masses of intrusive 
quartz porphyry. The lenses have a maximum 
length of 550 meters and a maximum width of 
200 meters and show fine-grained texture and 
distinct layering. In metal content they re- 
semble the Huelva pyrite lenses. Their origin 
must be explained along similar lines. 

In the Carpathians at Szomolnok 8 pyrite 
lenses occur in folded and metamorphosed 
sediments of the Culm, consisting of graphitic 
and chloritic schist and quartzitic sandstone. 
Intrusive diorite and porphyry occur in the 
schist. The pyrite lenses are found in distinct 
layers corresponding in structure with the 
metamorphosed sediments. However, they are 
usually explained as being of epigenetic origin, 
resulting from the diorite intrusions. 

At Eammelsberg, near Goslar, 4 on the north- 
western border of the Harz Mountains in 
central Germany, a lens of pyrite occurs inter- 
layered between two slate beds of Middle De- 
vonian age, which stratigraphically overlie 
Lower Devonian coarse sandstone. The beds 
are folded into an overturned anticline of 
which the sandstone forms the center. The 
pyrite lens occurs on the lower limb of the 
anticline and has been folded with the inclos- 
ing slates, following the contortions of the 
slates closely. It generally ranges in thickness 
from 0.5 meter to 3 meters, and shows marked 
banding parallel to the lens, which in part is 
due to included thin layers of slate. The prin- 
cipal minerals are pyrite, zinc blende, chalco- 
pyrite, galena, and arsenopyrite in a gangue 
of barite. 

It is generally believed that the Kammels- 
berg pyrite deposit is a contact vein formed by 
magmatic solutions. Recently, however, fos- 
sils of Goniatites have been found in the pyrite 
bed, which has led to its reclassification by 
some authors as a sedimentary deposit. 6 

The oolitic pyrite bed in Westphalia occurs 
at Meggen on the Lenne. 6 By some authors it 
is considered as of sedimentary origin and by 
others as a later introduction. The bed con- 
sists of pyrite and barite and averages about 
10 feet in thickness. The pyrite occurs in fine 



8 Idem, pp. 320-331. 

4 Lindjnvn, Waldemar, Mineral deposits, pp. (500-610, 
1013. 

6 Bcyschlag, F., Krusch, P., and Vogt, J. II. L.. op. clt. f 
Band 2, pp. 630-037, 1013. 

8 Stelzner, A. W., and Bergeat, A., Die ErzlagerstUtten, 
Hand 1, pp. 339-342, 1904. 



Digitized by 



Google 



62 



IBON-DEPOSITING BACTERIA AND THEIR GEOLOGIC RELATIONS. 



layers, distinctly stratified and- in places oolitic. 
Underlying it afre graywacke slates and over- 
lying it is a bed Of dense nodular limestone, in 
part dolomitic, carrying inclusions of iron py- 
rite. Above the limestone are clay slates. The 
rocks are of Devonian age. 

The oolitic pyrite beds which are associated 
with the Wabana hematite beds of Newfound- 
land are probably the most typical sedimentary 
pyrite beds known. 1 The pyrite-bearing zone 
is found just above one of the principal hema- 
tite beds (the Dominion bed), being separated 
from it by 1 to 10 feet of shale or sandstone. 
There are one to three beds of pyrite ranging 
in thickness from an inch to a foot or more and 
separated by fissile black shale. The beds 
thicken, thin, and die out within short dis- 
tances, but the zone is persistent. Shale occurs 
above the pyrite beds. The pyrite nearly all 
has a distinct oolitic texture and together with 
the inclosing shale contains abundant grapto- 
lites and some brachiopods, showing its marine 
origin. Associated with the pyrite spherules 
are nodules and small irregular bodies of py- 
rite. Quartz occurs both as fragments and as 
a matrix between pyrite spherules. 

In the southeastern part of Russia near 
Nowo-Usensk in the Government of Samara, 
clays containing iron sulphide were encoun- 
tered in drilling natural gas wells. 2 The suc- 
cession of strata passed through in these bor- 
ings is as follows : 

Section penetrated in borings near Nowo-Usensk, 
Samara, Russia. 

Post-Tertiary : Fe€t - 

Brown clay 150 

Clayey sand containing magnesium sulphate 

bearing water 35 

Sandy clay ^ 5 

Miocene : 

Brown clay, in part sandy, with layers of gas- 
bearing sand 115 

The Miocene brown clay is interesting in 
that it carries a black iron sulphide, melnikow- 
ite, which occurs finely disseminated through 
the clay, as well as in streaks and thin layers. 

1 Hayes, A. O.. Wabana Iron ore of Newfoundland : Canada 
Geol. Survey Mem. 78, p. 15. I01."i. 

2 Doss, Bruno, T'eber die Natur und Zusammensctzung des 
In MIocaenen Tonen des (Jouvernements Samara auftrcten- 
den Schwefeleisens : Neu«s .Tahrb., Beilaue Bnnd .°>:i, pp. 601i— 
713. 1912; Melnikowit, ein neuoH Elsenbisulphid und sein«> 
Bedeutung fiir die Genesis dor Klesla^erstUtten : Zeitscbr. 
prakt. Geologie, Jahrg. 20, pp. 453-483, 1912. 



Particles of it are commonly attached to frag- 
ments of fossil mollusks. As obtained from 
the bore holes the melnikowite was mainly in 
the form of dull, dense, compact fragments, 
generally with concentric structure. Asso- 
ciated with these fragments were found spheri- 
cal, oval, grapelike, or kidney-shaped forms, 
the largest of which were 1 millimeter in di- 
ameter. The microscopic texture of the 
melnikowite is finely crystalline and the color 
black. Analysis has shown it to be iron di- 
sulphide (FeS 2 ), but it differs from marcasite 
and pyrite in being strongly magnetic and in 
various other physical properties. 

The particles of melnikowite are somewhat 
impure, containing quartz and calcite grains, 
clay particles, or fine muscovite flakes. Much 
of the melnikowite also has associated with it 
particles and grains of finely crystalline pyrite, 
whose occurrence and gradation into melniko- 
wite suggest strongly that the pyrite is a stable 
form into which the melnikowite is altering. 

Black muds containing abundant organic 
material and impregnated with colloidal hy- 
drous ferrous sulphide occur in many localities 
both in inclosed seas and in gulfs and bays con- 
nected with the open ocean. 8 Among the best- 
known localities are the eastern Mediterranean 
Sea, Black Sea, Sea of Azov, Caspian Sea, 
Dead Sea, Aral Sea, and other inclosed bodies of 
water in southeastern Europe and western Asia. 
Similar muds, however, also occur around Oesel 
Island and elsewhere in the Gulf of Riga, at 
several localities in the southern Baltic Sea, 
around the mouths of the Elbe and the Weser, 
and along the Netherlands coast in the North 
Sea, as well as locally on the coast of Scotland. 
Many sulphur springs throughout Europe con- 
tain black muds that carry ferrous sulphide, 
and the " blue mud " of the ocean bottom along 
the edges of the continents is also characterized 
by iron sulphide, part of which is doubtless in 
the ferrous form. 

The " blue mud " of the ocean bottom is blue 
or slate-colored, but the upper layer in contact 
with the water is oxidized to red or brown. 
The blue color is due to the presence of organic 
matter and sulphide of iron in a fine state of 
division. It has the smell of sulphureted hy- 
drogen. The depth at which it occurs ranges 
from 125 to 2.800 fathoms. " Blue mud " con- 



3 Doss, Bruno, Neues Jnbrb., Beilage Band 33, pp. 689 et 
seq., 1912. (Numerous references cited.) 
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tains, besides terrigenous clastic material, 
abundant remains of Foraminifera, Kadio- 
laria, diatoms, sponge spicules, and fragments 
of mollusk and echinoderm shells. 

The "blue muds" surround nearly all the 
continents and occur in inclosed seas like the 
Mediterranean, and even in the Arctic Ocean. 
They occupy the largest area of the terrige- 
nous oceanic deposits. 1 

The following table shows the range in com- 
position of the principal constituents of blue 
mud: 

Range in composition of the principal constituents of 
blue mud. 

SiO, 59. 54-64. 20 

Al^, 13. 55-19. 42 

Fe,Q, 7. 15-11. 23 

Lose on Ignition 2 4.92-6.24 

Small amounts of soda, potash, lime, and 
magnesia are also present. 

Recent studies of muds from the bottom of 
the Black Sea and neighboring limans 8 as 
well as from other inclosed seas of southeast- 
ern Russia, have shown that they contain an 
abundance of ferrous sulphide. As indicated 
by the dredgings two kinds of mud exist in the 
Black Sea at depths of 300 to 717 fathoms. 
One type is a sticky black mud containing hy- 
drous ferrous sulphide (FeS.nH 2 0) presum- 
ably as a gel. The other type is a less dense 
blue mud containing pelagic diatoms, a smaller 
quantity of ferrous sulphide, and concretions 
of iron disulphide. The blue mud is believed 
to underlie the black mud, and its existence 
proves that iron disulphide undoubtedly oc- 
curs at least locally in unconsolidated ferrous 
sulphide bearing muds. 

In some of the limans and shallow lakes of 
• southern Russia ferrous sulphide generally oc- 
curs as an intermixed paste or as lumps and 
concretions in black mud, or as coatings of 
other substances, but it is also found with moist 
black shore muds and sands. 

The limans bordering the Black Sea are shal- 
low, salty lagoons separated from the open 

1 Murray, J., and Rennrd, A. F., ChaUenyvr Rept, Deep-sea 
deposits, pp. 220 et seq., 1801. 

Murray, J., and Iljort, J., The depth of the ocean, pp. 161 
ot seq., 1912. 

•Organic matter, sulphur, etc. 

•Andrussow, X.. Ln mcr noire: Cong. geol. lnternat. Guide 
des exc, 7° Bess., Excursion 29, p. 7, 1897, cited by Hayes, 
A. O., op. cit., p. 90. 




water by low, narrow bars. 4 The bottoms of 
these lagoons are covered with a tough, black 
mud which owes its color to an abundance of 
ferrous sulphide. The mud is plastic and 
doughy, has a strong odor of hydrogen sulphide, 
and gives an alkaline reaction. It consists of 
clay particles, fine sand, and shells, which are 
impregnated with and held together by col- 
loidal, hydrated ferrous sulphide and abun- 
dantly mixed with decomposing organic mate- 
rial derived from both plants and animals. The 
liman mud is used for healing purposes on ac- 
count of its content of hydrogen sulphide, but 
when exposed to the air the ferrous sulphide 
oxidizes and the mud takes on a gray color. 
However, upon being reimmersed in brine it is 
again reduced, owing to the action of reducing 
bacteria, which are present abundantly. 

Doss's explanation 5 of the origin of sedi- 
mentary deposits of iron sulphide is as follows: 
Iron is dissolved from iron-bearing minerals 
and carried in solution as soluble ferrous car- 
bonate (Fe(C0 8 ) 2 ) by surface waters to in- 
closed bays or lagoons in which decaying or- 
ganic matter is abundant. Here the iron is pre- 
cipitated, either directly as black colloidal hy- 
drated ferrous sulphide by reaction with hy- 
drogen sulphide liberated by bacteria from the 
decaying organic matter, or as ferric hydroxide 
by iron bacteria. Ferric hydroxide under re- 
ducing conditions and in the presence of hy- 
drogen sulphide is changed to hydrated ferrous 
sulphide. By loss of water and the addition of 
sulphur, which occurs as free sulphur in the 
mud. the hydrated ferrous sulphide is changed 
to melnikowite ( FeS 2 ) . The melnikowite alters 
gradually to pyrite and the inclosing mud be- 
comes hardened and cemented to clay and shale. 
Where iron sulphide was originally mixed with 
the mud it was later disseminated through the 
resulting rocks, but where more or less pure de- 
posits occurred they resulted in the formation 
of beds and lenses of pyrite. Later metamor- 
phism may cause the recrystallization of the 
pyrite lenses and alteration of the inclosing 
rocks to slate and schist. Thus all stages occur 
between the black ferrous sulphide muds form- 
ing in many inclosed basins and the recrystal- 

* Omellanskl, W., Der Krelslauf des Schwefels, In F. La- 
far's Handbuch der technlschen Mycologie, Band 3, pp. 222- 
223, 1904-1900. 

5 Doss, Bruno, Zeltsehr. prakt. CJeologie, Jahrg. 20, pp. 
460-4G1, 1912. 
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lized lenses of pyrite interbedded with slates 
and schists. 

Many of the pyrite lenses in schists and 
other nietamorphic rock, such as the deposits 
at Huelva and those of Agordo and Szomol- 
nok, have been fairly definitely shown to be 
related, at least in part, to igneous intrusions. 
The igneous rocks may have caused the forma- 
tion of the entire deposits or they may simply 
have caused the recrystallization of original 
lenses of iron sulphide and the introduction 
into them of their content of silver, lead, zinc, 
copper, and other metals. It must be remem- 
bered that deposits of iron sulphide are form- 
ing abundantly at the present time in associa- 
tion with argillaceous sediments, which upon 
metamorphism would yield just such rocks as 
those in which we find the lenses of pyrite 
containing copper, lead, and zinc sulphides. 
The facts that these lenses are distinctly con- 
formable to the bedding of the rocks in which 
they occur, that many of them exhibit banding 
parallel to the bedding of the associated rocks, 
and also that many are far removed from ig- 
neous intrusions, are strong points in favor of 
their original sedimentary origin. The reason 
why only a few deposits of iron sulphide that 
are clearly of sedimentary origin, such as those 
of Russia and Newfoundland, have been de- 
scribed in the literature can perhaps be sought 
in their relative unimportance commercially, 
which is due to their lack of precious or semi- 
precious metals. 

FORMATION OF SEDIMENTARY IRON-BEARING DE- 
POSITS. 

DEPOSITION OF IRON BT MECHANICAL PROCESSES. 

There are certain iron-ore deposits which 
have been formed almost entirely by mechani- 
cal processes. To this type belong the black 
sands, which consist of magnetite or hematite 
sand mixed with particles of other hard, heavy 
minerals, such as garnet, zircon, ilmenite, 
mtile, quartz, and chromite. 

The processes which are most active in the 
formation of black sands are disintegration 
and transportation. The rocks that contain 
disseminated iron minerals upon bein<r sub- 
jected to disintegration without much decom- 
position release the separate mineral particles, 
which are then carried away bv streams and 



finally sorted by currents and waves according 
to their density. Black sands may form on the 
seashore or on the shores of rivers or lakes. 
Their specific gravity prevents the particles 
from being carried very far from shore, though 
moderately swift flowing streams may carry 
them some distance, along with other coarse 
clastic material, and deposit them in their 
deltas. 

In general black sand deposits are very im- 
pure on account of the admixture of non iron- 
bearing clastic particles. In many places also 
they are very high in titanium owing to the 
presence of abundant ilmenite. Deposits of 
magnetite sands are forming at the present 
time along the sea coast and along the larger 
rivers in Washington, Oregon, and California. 
Deposits of hematite sand are forming along 
streams in Minas Geraes, Brazil, the materials 
being derived from the disintegration of the 
extensive beds of hematite-bearing quartzite 
that occur in that region. Though most of the 
known black sand deposits are of recent origin, 
older beds of a similar character are met with 
locally, such as the black sand beds in Upper 
Cretaceous rocks in northwestern Montana. 1 

Other iron-ore deposits that are formed 
largely by mechanical processes are the detrital 
talus deposits, consisting of blocks and frag- 
ments of ore, which commonly lie on slopes be- 
low outcropping cliffs of iron ore. They are 
generally designated by the name of rubble ore. 
Such deposits may become cemented by the fill- 
ing of the spaces between the fragments and 
thus result in clastic breccias. To this type 
belong the " canga " ores of Brazil, which are 
drived from and associated with the bedded 
hematite. Some f ragmental varieties of laterite 
which occur in India in association with the 
Dharwar iron-bearing sediments may also be 
classed with this type. 

DEPOSITION OF IRON BT CHEMICAL PROCESSES. 

FORMATION OF DEPOSITS OF FERRIC HYDROXIDE. 

Ferric hydroxides may be precipitated either 
from organic or inorganic iron solutions, the 
reaction being accompanied by hydrolysis in 
ferric compounds and by oxidation with hy- 

iStobinjror, Eupone. Titanlfcrous magnetite beds on the 
Blackfeet Indinn Reservation, Mont. : l\ S. Geol. Surrey 
Bull. 540, pp. 329-337, 1914. 
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drolysis in ferrous compounds. The ferric 
hydroxides form a gradational series in which 
iron, in the form of FejO,, is associated with 
water. This water (meaning "water above 
105° C") ranges from a few per cent, as in 
hydrated hematite, to an unknown upper limit, 
perhaps more than 30 per cent. These amounts 
of " crater " probably range through all the 
possible varieties of combinations, as with most 
other hydrated oxides, from hydroxyl groups 
to firmly held hygroscopic moisture. In gen- 
eral the series of ferric hydroxides is probably 
analogous to the various hydrated forms of 
silica. A large number of ferric hydroxides 
have been prepared or are found in nature as 
minerals, but the exact composition of many 
of these is uncertain. 1 

Much work was done on the constitution of 
ferric hydroxides during the nineteenth cen- 
tury, of which the most important was that of 
Muck, 2 Tomassi, 8 van Bemmelen, 4 and Ruff. 8 
Muck first and Tommasi later, by chemical 
precipitation from iron solutions, obtained two 
different classes of ferric hydroxides, the red 
hydroxides and the yellow hydroxides. The 
red hydroxides are obtained by precipitation 
•> from ferric salts with alkalies, whereas the 
yellow hydroxides are obtained by the oxida- 
tion of moist ferrous hydroxide or of ferrous 
carbonate. By drying freshly prepared pre- 
cipitates of ferric hydroxide at different tem- 
peratures Tommasi obtained the following 
compounds, which he regarded as definite hy- 
droxides : 

Yellow hydroxides : 

Fe*(OH)« Forms below 70° C. 

Fej(OH)<0 Forms between 70° and 105° C. 

FMOHhO- Forms between 105° and 150° C. 

Red hydroxides: 

Fe*(OH)« Not obtained. 

Fea(OH)«0 Forms below 50° C. 

Fe*(OH)20 2 Forms between 50° and 92° C. 

Upon further heating of the red hydroxides 
a brown anhydrous ferric oxide having a 

1 Roscoo. H. E.. and Sehorlemmer, 0., A treatise on chem- 
istry, vol. 2, pp. 111*7 ot R«'q., 1013. 

a Muck, Zeitschr. Cheiuie, 2d ser., vol. 4, p. 41, 18G8. 
Cited by Roscoe, H. E.. nnd Srhorlommer. <\. op. rit.. p. 1222. 

•Tominasl, D., Ricerehe sulle formole dl costitutioue del 
compostl ferrici; Parte prima, Idrati ferrioi, Florence, 1879. 
Also see Deutsche chem. Resell. 1W., vol. 12. pp. li>21>. 2::.'!4, 
1870. 

4 Van Bemmelen, J. M., Rec. trav. chlm., vol. 7, pp. 30- 
110, 1889. 

8 Ruff, O., Ueber das Eisenoxyd unci s«'ln Hydrate: 
Deutsche chem. Gesell. Ilor., vol. 34, pp. 3417 et sen,., 1001. 
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specific gravity of 5.1 was produced, but the 
anhydrous ferric oxide resulting from heating 
the yellow hydroxides was reddish yellow in 
color and had a specific gravity of 3.95. Tom- 
masi concluded from these data that there exist 
two distinct series of ferric hydroxides with 
different properties. 

Van Bemmelen in his experiments with col- 
loids showed that red ferric hydroxides are 
really colloidal substances without any definite 
chemical composition, the amount of water re- 
tained by them being dependent on the 
aqueous vapor pressure in the atmosphere, with 
which they are in equilibrium. Only at high 
temperatures are they converted to anhydrous 
ferric oxide. He believed that the red hy- 
droxides do not differ in any essential way 
from the yellow hydroxides and that the latter 
also are colloids in perhaps a little more stable 
and concentrated form. 

If these conclusions are correct it is difficult 
to understand under what conditions various 
stable ferric hydroxides found in nature are 
formed, and further how deposits of anhy- 
drous or slightly hydrated ferric oxide are 
formed so abundantly under natural condi- 
tions when in the laboratory high temperatures 
are necessary for their formation. 

Realizing the discrepancies between the con- 
clusions of Tommasi and Van Bemmelen, Ruff 
took up the study of the ferric hydroxides. 
His first experiments were performed with red 
colloidal ferric hydroxide under ordinary con- 
ditions of pressure but with varying tempera- 
ture. They confirmed more or less the work 
of Van Bemmelen. He found also that the 
freshly precipitated red ferric hydroxide, 
when allowed to stand for several years at 
ordinary temperatures, gradually lost water 
but before becoming entirely anhydrous began 
to take on water again and after 10 or 15 years 
changed to the normal stable ferric hydroxide, 
2Fe. J 0,.3II,0. 

The second series of experiments of Ruff was 
performed with ferric hydroxide under vary- 
ing pressures of about 5,000 atmospheres. By 
raising the temperature under these conditions 
of pressure he found that the colloidal red fer- 
ric hydroxides became converted into definite 
hydroxides all found in nature, the particular 
hydroxide formed depending on the tempera- 
tures. Between 30° and 4*2.5 ° C. the colloid 
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changed to a yellow granular powder having 
the water content and specific gravity of limo- 
nite (2Fe 2 8 -3H a O), between 42.5° and 62.5° C. 
it became yellowish red and took on the prop- 
erties of goethite (Fe 2 8 .H 2 0), and above 
62.5° C. it became brick-red and had the com- 
position of turgite (2Fe 2 8 .H 2 0). Ruff did 
not obtain the anhydrous oxide, hematite, at 
high pressures below a temperature of 150° C. 
The yellow hydroxide, when treated under sim- 
ilar conditions with a range of temperature 
from 40° to 70° C, behaved like a stable com- 
pound and did not alter in content of water. 
The suggestion is made that this material may 
be represented in nature by the mineral xantho- 
siderite (Fe 2 3 .2H 2 0). 

Ruff concludes from these data (1) that red 
colloidal ferric hydroxide under ordinary con- 
ditions is a colloid of indefinite composition, 
but that under high pressure and rising tem- 
perature it may change in a short time to 
various definite hydroxides; (2) that yellow 
ferric hydroxide is very probably a definite 
chemical compound that contains various 
amounts of adsorbed water; (3) that under 
ordinary conditions of temperature and pres- 
sure the red colloidal ferric hydroxide is slowly 
dehydrated and changed to anhydrous ferric 
oxide, but at the same time water is taken up 
by the anhydrous oxide and a change occurs to 
the stable ferric hydroxide, limonite; (4) that 
pure anhydrous ferric oxide does not form 
from ferric hydroxides except under excep- 
tional conditions of temperature or pressure. 

Nicolardot, 1 by whom the most recent work 
has been done on ferric hydroxides, has come 
to the conclusion that six modifications of fer- 
ric hydroxide exist which are all polymers of 
the simplest hydroxide. They all differ in 
chemical and physical properties and in the 
content of water. Two of the hydroxides, 
(Fe 2 3 )i(H 3 0) 1 . 5 - 2 and (FeAMWW,, are 
brown and are derived from the normal ses- 
quioxide Fe 2 3 , whereas the other four, all 
opalescent and yellow in color, are derived 
from the two anhydrides of Fe 2 (OH) — 
Fe 2 0(OH) 4 and Fe 2 2 (OH) 2 . Each of these 
substances forms a series of hydroxides with 
variable water content, the hydroxides of one 

1 Nicolardot, M. P., Recherches sur le sesquioxyde de fer : 
Annates cblmie et physique, 8th scr., vol. 6, p. 334-393, 
1905. 



series being transformed into the hydroxides 
of another series by the elimination of water. 

Hydroxides of iron of various kinds, there- 
fore, may be formed by precipitation with al- 
kalies or by simple oxidation and hydrolysis 
from different iron compounds. Thus, solu- 
tions of ferric chloride and ferric nitrate, when 
treated with sodium, potassium, or ammonium 
hydroxides, give precipitates of red colloidal 
ferric hydroxide. Solutions of ferrous salts 
when treated with alkaline hydroxides give 
precipitates of light bluish-green ferrous hy- 
droxide, which upon oxidation changes to yel- 
low ferric hydroxide. Yellow ferric hydroxide 
is also formed by oxidation, and hydration of 
ferrous carbonate and in the rusting of metal- 
lic iron. Freshly precipitated iron rust con- 
sists chiefly of ferric hydroxide but usually 
contains considerable quantities of ferrous hy- 
droxide and ferrous carbonate. 2 When dried 
and exposed to atmospheric oxidation it soon 
loses its ferrous iron and consists entirely of 
ferric hydroxide, with the approximate com- 
position 2Fe 2 8 .3H 2 0. 

In some solutions of iron salts, such as fer- 
rous or ferric sulphate, as well as certain iron 
salts of organic acids, iron may be precipitated 
by oxidation and hydrolysis, (for the ferrous 
salts) or by hydrolysis alone (for the ferric 
salts) not as hydroxide, but in the form of basic 
salts. When a ferric sulphate solution is 
treated with an excess of alkali, as ammonium 
hydroxide, ferric hydroxide is precipitated. 
When, however, the precipitation is incomplete 
various basic ferric sulphates are formed. The 
same is true when a solution of ferric sulphate 
is boiled or when a solution of ferrous sulphate 
is allowed to oxidize in the air. Among the 
common basic ferric sulphates thus formed 
which are said to exist is FeS0 4 (OH).7H 2 0, 
which is decomposed by water to form the in- 
soluble salt Fe»S0 4 (OH) 4 .5H t O. Several of 
the basic sulphates occur as minerals, being 
formed b\ f the oxidation of iron sulphides. 8 
Among these are vitriol ocher (FeS0 4 (OH) 4 . 
2Fe(OH) 3 H 2 0), copiapite (Fe 2 (S0 4 ) 3 . 
Fe 2 ( S0 4 ) 2 ( OH ) 2 . 10H,O ) , and fibrof errite 
(2Fe 2 (S0 4 ) 2 (OH 2 .Fe 2 S0 4 (OH) 4 .24H 2 0). 

2 Moody, G. T., The rusting of Iron : Chem. Soc. Jour., 
vol. 80, pp. 720 et 8<>q., 190(5. 

3 Roscoe, II. E., and Schorloramer, C, op. cit. f pp. 1214 
et seq. 
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Pickering, 1 who has done some work on the 
constitution of basic ferric sulphate, states that 
only one basic ferric sulphate exists and that 
it has tlie formula Fe t (S0 4 ) 8 .5Fej0 8 .a>H 2 0, in 
which as ranges from 8 to 40. The molecular 
weight ranges from 1,341.34 to 1,916.10, accord- 
ing to the amount of water present. 

The reason for these varying results is prob- 
ably to be found in the fact that the precipi- 
tate which forms varies with the nature of 
the solution, the temperature, and the manner 
of precipitation. It probably consists of a 
mixture of one or more of the possible ferric 
hydroxides with one or more basic ferric 
sulphates and the. proportion of each present 
varies under different conditions of precip- 
itation. 2 

Mixed precipitates of all degrees of oxida- 
tion and hydration probably form under dif- 
ferent conditions, the degree of complexity 
varying with the treatment. Thus simple boil- 
ing would result in the formation of a larger 
proportion of basic ferric sulphates, and treat- 
ment with alkalies would result in the forma- 
tion of larger amounts of ferric hydroxides. 

The further hydrolysis of basic ferric sul- 
phates results in the formation of the stable 
ferric hydroxide, limonite. 

Several of the iron salts of organic acids, 
such as iron acetate, iron oxalate, and iron lac- 
tate, give precipitates of flocculent basic salts. 
The precipitation results from simple oxida- 
tion, heating, or treatment with alkalies. 

A solution of iron acetate, when treated with 
alkalies or when evaporated or boiled, gives a 
red flocculent precipitate, consisting probably 
of a mixture of ferric hydroxides and basic 
ferric acetates. The amount of ferric hy- 
droxide present in the precipitate increases with 
temperature, with the strength of the precipi- 
tant, and with the time allowed for precipita- 
tion. When a solution of iron acetate is boiled 
in the presence of alkaline acetates, ferric hy- 
droxide rather than basic ferric acetate is said 
to be precipitated. 8 A number of basic ferric 
acetates have been described, among which 
are Fe(C 2 H 3 2 ) (OH) 2 . Fe(C 2 H 3 2 )X>H,and 

1 Pickering, S. W., On the constitution of molecular com- 
pounds ; the molecular weight of basic ferric sulphate : 
Chem. Soc. Jour., vol. 4.'*, pp. 1*2 et se<).. 1H.**3. 

a Hunter, W. II. (Department of Chemistry, Vnivorsity of 
Minnesota), personal communication. 

•Beilstein, F., Ilandhuch der crganisehen Chemle, Auflage 
3, Band 1, pp. 405-400, 1893. 



Fe 2 (C 2 H 8 2 ) 2 (OH) 4 +2Fe 2 8 . 4 Herz 5 found 
that the basic ferric acetate, FeC 2 H 8 2 (OH) 2 , 
is precipitated from solutions of pure ferric 
acetate (Fe(C 2 H 8 2 ) 8 ) when heated for 10 
hours or more at a temperature of 44° C, and 
also from impure ferric acetate solutions when 
Allowed to stand at ordinary temperature or 
when boiled for a short time. Under the lat- 
ter conditions no precipitation occurred from 
pure solutions. This basic ferric acetate is a 
fine yellow colloidal precipitate. Often ferric 
hydroxide (Fe(OH) 3 ) is said to form with it 
as small, brown, shining crystals. 

A solution of iron oxalate upon treatment 
with alkalies also gives a brownish-red floc- 
culent precipitate, which is probably a mixture 
of ferric hydroxides and basic ferric oxalates. 
An iron oxalate solution when boiled leaves a 
yellowish-brown salt with the composition 
Fe 2 (C 2 4 ) 8 .18Fe(OH) 8 , but when the solution 
is only heated to 100° C. the precipitate is 
Fe 2 (C 2 4 ) 8 .2Fe(OH) 3 +4H 2 0, showing an in- 
crease of Fe(OH) 3 with the increase in tem- 
perature. 8 

Iron lactate upon treatment with alkalies 
gives a flocculent brownish-black precipitate, 
doubtless a mixture of ferric hydroxides and 
basic ferric lactates. 

Comparatively little work has been done 
heretofore on the constitution of basic ferric 
compounds precipitated from solutions of or- 
ganic iron salts and very little definite in- 
formation is available with regard to these 
compounds. In general the precipitates 
formed are probably of indefinite composition, 
due to the variable content of water and to the 
varying amounts of ferric hydroxides mixed 
with them. As in the precipitation from solu- 
tions of ferrous and ferric sulphate the precipi- 
tates which form in solutions of organic iron 
salts vary in composition according to the con- 
ditions of precipitation. 2 If precipitation takes 
place through the agency of a strong alkali, 
such as sodium hydroxide (NaOH), more fer- 

* Scheurer-Kestnor, M. A., Rur quelques nouvelles com- 
binaisons du for et sur l'atomicitg de cet €l£nient : Soc. 
chim. Paris Bull., vol. 5, pp. 342-352, 1863 ; Meraolre sur 
une nouvelle classe de sels de fer, et sur la nature hexa- 
tomique du ferrlcum : Annates chimie et physique, 3d aer., 
vol. 63, pp. 422-447, 1861. 

r ' Herz, W., Tenor den Verlauf der ZerseUung des Fer- 
rlaoetats : Zeitschr. anorg. Chemie, Band 20, pp. 16-20. 
1899. 

Beilstein, P., Ilandhuch der organischen Chemie, Auflage 
3, Band 1, p. 644, 1893. 
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ric hydroxide is liable to be intermixed with 
the basic ferric salts than if a weaker alkali, 
such as ammonium hydroxide (NH 4 OH), is 
responsible for the precipitation. Likewise 
the reaction with a weak alkali would result 
in the formation of relatively more ferric hy- 
droxide than would result from simple boiling. 
It seems probable that more than one basic 
compound of each of the organic iron salts may 
exist. Thus there are probably several basic 
ferric acetates or basic ferric oxalates and these 
vary in quantity relatively to each other and to 
the ferric hydroxides in precipitates formed 
under different conditions. Care must^ be 
taken, however, in drawing conclusions from 
analyses of precipitates, because even if but 
one ferric hydroxide and but one basic salt of 
a given organic acid were present, their chang- 
ing ratios* under varying conditions might 
counterfeit the presence of other compounds in 
these mixtures. 

In solutions of organic iron salts of oxy- 
acids, such as iron citrate, iron tartrate, or iron 
malate, basic ferric salts do not precipitate, 
because in these salts the iron forms part of an 
"inner complex salt." This is true also of 
salts of many of the acids which occur in the 
"composite" called humic acid, and is the 
reason why such salts may be carried in solu- 
tion for Tong periods. 

In the formation of sedimentary iron-bear- 
ing deposits in nature the precipitation of 
ferric hydroxide is mainly from ferrous solu- 
tions and occurs when these solutions come in 
contact with the oxygen of the atmosphere. 
The precipitation may result chemically from 
oxidation alone, but as a rule iron bacteria aid 
in the reaction. To some extent ferric hy- 
droxide is also probably precipitated from fer- 
ric solutions which in nature are mainly solu- 
tions of organic salts, and here also iron precipi- 
tating bacteria may aid in the deposition. 

The hydroxide precipitated from solutions of 
ferrous salts is generally the stable. yellow fer- 
rio hydroxide of fairly definite chemical com- 
position, whereas that precipitated from fer- 
ric solutions is generally the red colloidal hy- 
droxide, which, however, in time may change 
to the stable hydroxide, 2Fe 2 3 .3H 2 0, as 
shown bv Ruff. 1 



Utuff, O., op. cit. 



The most common form in which iron oc- 
curs in solution in natural waters is as ferrous 
bicarbonate, but ferrous or ferric sulphates 
probably occur, as well as salts of organic 
acids, which have generally been included un- 
der the terms ferrohumates and ferrihumates. 

Ferrous bicarbonate may be derived from 
many different iron minerals. It is taken into 
solution through the agency of carbonic acid 
(H 2 C0 3 ) and retained in solution by excess 
carbon dioxide. Such solutions may remain in 
circulation underground for long periods and 
eventually come to the surface as iron springs 
or seepages and may be carried by streams 
to lakes or lagoons. Upon the removal of 
the excess carbon dioxide and exposure to the 
atmospheric oxygen, oxidation and hydration 
take place according to the following reac- 
tion: 2 

4FeC0 3 +3H 2 0+20=2Fe 2 8 .3H 2 0+4C0 2 

This reaction may perhaps be better stated 
in two steps, thus: 

FeC0 3 +H 2 0=Fe(OH) 8 +C0 2 

4Fe (OH*) 2 +20=2Fe 2 3 .3H 2 0+H 2 

The flocculent yellowish-brown precipitate of 
ferric hydroxide (2Fe 2 3 .3H 2 0) that is formed 
drops to the bottom, where it accumulates or 
where a part or all of it may become mixed 
with mud containing organic matter and be re- 
converted to ferrous carbonate. A part of the 
yellowish-brown precipitate may consist of 
iron in the more hydrated forms, such as 
Fe 2 3 .2H.,0 and Fe 2 3 .3H 2 0. In this way the 
mixture of various ferric hydroxides and of 
ferrous carbonate in bog ores is accounted for. 
The iron sulphide and iron sulphate locally 
present in the deposits may be formed by the 
action of H 2 S, given off by the decaying or- 
ganic matter, on ferrous carbonate or by pre- 
cipitation from iron sulphate solutions. 

Iron sulphate is present in solution in meteo- 
ric waters owing to the decomposition of sul- 
phides of iron or to the action of sulphuric acid 
on other iron minerals. The iron present in 
this form may be precipitated by simple oxida- 
tion as a mixture of ferric hydroxides and 
basic ferric sulphates, or by reaction with cal- 

2 Van Ilise, O. R.. A treatise on metaniorphism : U. S. 
Geol. Survey Mod. 47, p. 8HG, 1004. 
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cium carbonate present in solutions as fer- 
rous carbonate, which then may be oxidized to 
limonite. Van Hise says that basic ferric sul- 
phate may be precipitated from ferrous sul- 
phate solution according to the following re- 
action: 1 

12FeS0 4 + 6+ (*+9)H t O= 

Fe 2 ( S0 4 ) 8 .5Fe 2 8 .a?H 2 0+9H 2 S0 4 

In reality, however, the reactions which take 
place are probably much more complex and the 
result is a mixture of compounds rather than 

a single basic salt. 

The reaction between ferrous sulphate and 

calcium carbonate to form ferrous carbonate 

is as follows : a 

FeS0 4 +CaC0 8 =CaS0 4 +FeC0 8 

The calcium sulphate is deposited as gyp- 
sum, CaS0 4 .2H 2 0, and the ferrous carbonate 
may be oxidized to ferric hydroxide according 
to the reaction given above. In the presence of 
abundant oxygen the two reactions might oc- 
cur almost simultaneously thus: 

FeSO - CaC0 8 4-H 2 + 2FeA ' 3H ' 0+CaSO - 

2H 2 + CO 

If ferric sulphate is present in solution the 
precipitation of ferric hydroxides may occur 
thus: 

Fe,(S0 4 ) 3 CaC08 + H ^ 2Fe 2 8 .3H 2 + CaS0 4 . 

2H 2 + CO 

The occurrence of iron in solution in natural 
waters as salts of organic acids has received 
buf little study, and the literature with refer- 
ence to it is largely speculative. It is com- 
monly supposed that the iron is in the form of 
soluble salts of certain little-known soil acids 
termed humic acids. It does not seem impos- 
sible, however, that it may also be carried as 
salts of other organic acids known to be present 
in the soil, such as formic acid, lactic acid, 
butyric acid, citric acid, or tartaric acid. 

The iron which is present in solution in the 
form of organic salts upon precipitation is 
probably largely thrown clown as ferric hy- 
droxide together with various insoluble or- 

1 Van Hise, C. R., op. cit., p. 82C>. 

'Moore, E. J., The occurrence and origin of bog iron de- 
posits in the district of Thunder Bay, Ontario : Econ. Geol- 
ogy, Tol. 4, p. 535, 1910. 



ganic ferric compounds, which, however, in a 
comparatively short time will also change to 
ferric hydroxide. According to Aschan, 8 who 
has studied this subject, the principal organic 
iron salts occurring in natural waters are salts 
of humic acids, Such as f errohumates and ferri- 
humates. He believes that humic acids are the 
principal constituents of the soluble deriva- 
tives of humus, whi<5h he calls humus hydrosols 
(gels in colloidal solution). Humus hydrosols 
are of unknown and variable composition and 
are supposed to contain, besides humic acids, 
various other soil substances such as humates 
of different composition. They are believed to 
play an important part in the decomposition of 
rocks and minerals, as well as in the precipita- 
tion of such substances as iron and aluminum. 
The humus hydrosols are the materials which 
impart the deep-brown color to streams and 
lakes in regions of abundant vegetation. By 
decomposition they change to carbon dioxide 
and ammonia. 

Aschan found that if ferric salts were pres- 
ent within certain narrow limits of concentra- 
tion, in waters containing humus hydrosols, 
insoluble ferrihumates were deposited but 
that above or below this concentration only 
soluble salts were formed. He found also that 
if ferrous salts instead of ferric salts were 
present, no precipitation took place, soluble 
ferrohumates being formed, which, however, 
if present in the proper concentration might 
by oxidation change to insoluble ferrihumates. 

The action of humus hydrosols in the for- 
mation of lake and bog iron ores is supposed 
by Aschan to be as follows: When the solu- 
ble humus substances are taken into solution 
by ground waters some of the humic acids in 
them immediately begin to react chemically on 
the mineral constituents of the rocks through 
which the waters percolate and form soluble 
humates of different bases, among them iron. 
These humates arc supposed to form food for 
microorganisms and the microorganisms are 
believed to aid substantially in rock decay. 
Besides aiding in the decay of rocks humus 
hydrosols are believed to aid in the precipi- 
tation of iron and other substances from 
solution. When ferric or ferrous salts are in 



8 Aschan, Ossian, Die Itedmitung dor wasserloslichen Hu- 
rausstoffe (Ilumussole) fiir die Bildung der See- und Sump- 
ferze : Zeitschr. prakt. Geolo^ie, Jahrg. 15, pp. GG-G2. 11)07. 
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solution in water containing humus hydro- 
sols ferrihumates or ferrohumates are formed. 
Ferrohumates are soluble, but under certain 
conditions of concentration and oxygen con- 
tent insoluble ferrihumates are formed and 
these are precipitated directly. The soluble 
ferrihumates and ferrohumates may have their 
organic portion utilized as food by microor- 
ganisms and the ferric hydroxide is then pre- 
cipitated. Thus insoluble ferrihumates and 
ferric hydroxide are believed to occur together 
in lake and bog iron ores, and this is sup- 
posed to explain the presence of organic car- 
bon in these ores. 

Sjogren * believes that the principal agents 
for the solution of iron in nature are sulphuric 
acid, carbon dioxide, and organic acids. Sul- 
phuric acid is formed by the decomposition of 
sulphides, and carbon dioxide and organic acids 
are formed mainly from decomposing organic 
matter. The decomposition of organic mat- 
ter in the absence of oxygen results in the 
formation of hydrocarbon combinations such 
as humus, which when acted upon by ammonia 
or alkalies yield humic acids. This action 
withdraws oxygen from surrounding mineral 
compounds, in this matter reducing ferric oxide 
to ferrous oxide, which then forms soluble dou- 
ble salts with ammonia and humic acids. These 
double salts may be further changed to fer- 
rous carbonate and this substance may be oxi- 
dized to ferric hydroxide by the removal of 
carbon dioxide in the presence of oxygen. The 
iron, however, may also be precipitated di- 
rectly from humic acid solutions. From sul- 
phate solutions iron may be precipitated as 
basic ferric sulphate, which, according to 
Sjogren, is changed to ferric hydroxide by the 
action of ammonium or alkaline carbonates or 
by humus. From a mixture of humic acid and 
iron sulphate solutions iron may be precipi- 
tated as ferric hydroxide by the action of am- 
monia. 

According to Beck 2 iron may also be pre- 
cipitated from iron sulphate solutions by the 
addition of ammonium liumate, which he 
states is always present in the brown waters 



1 Sjogren, II., Ueber die Entstebung der schwedischen 
Eisenerzlaprer : Geol. Foren. Stockholm Forh. 13, p. 373, 
1801. Rovlewed by R. Schelbe In Zeitsehr. prakt. (Jeolotde, 
1803, pp. 434-437. 

2 Beck, R., The nature of ore deposits, vol. 1, pp. 101-103, 
translated by W. H. Weed, 1005*. 



of peaty regions. The precipitate formed is 
ferric oxide and later ferric hydroxide. 

The opinions concerning the precipitation of 
ferric hydroxide from natural iron-bearing 
waters have been summarized above. Some of 
these opinions are largely speculative as to pos- 
sible reactions which may take place under 
conditions such as are found in nature, but 
others are based on well-known chemical phe- 
nomena. Though many of the reactions men- 
tioned in connection with the precipitation of 
insoluble iron compounds from solutions of 
iron sulphate and organic iron salts probably 
occur, there is little doubt that far more im- 
portant than these processes is the direct pre- 
cipitation from ferrous bicarbonate solutions, 
whether through simple oxidation and hydrol- 
ysis or through the action of iron-depositing 
bacteria. The nature of the action of the bac- 
teria in the deposition of ferric hydroxide is 
discussed at length in a subsequent section. 

The precipitation of ferric hydroxide from 
ferrous bicarbonate solutions takes place al- 
most immediately after the iron-bearing wa- 
ters reach the surface, where they become sat- 
urated with oxygen and lose their carbon di- 
oxide. This accounts for the yellowish-brown 
ocherous scums, which occur around all springs 
and seepages of iron-bearing waters. How- 
ever, there is no doubt that iron is also carried 
in solution by surface streams whose waters 
are apparently rich in oxygen. In this man- 
ner iron in solution reaches lakes, lagoons, and 
marshes, where it is precipitated and forms bog 
and lake ores. In what form the iron is car- 
ried under these conditions it is difficult to sty. 
Perhaps enough carbon dioxide occurs in these 
waters to permit the carrying of appreciable 
amounts of iron as ferrous bicarbonate, or per- 
haps the iron is carried in the form of organic 
iron salts. The equilibrium between the sol- 
vent carbon dioxide and the ferrous bicar- 
bonate in solution is a subject which requires 
more thorough investigation. 

Besides the iron which is carried in solution 
by surface streams probably a considerable 
amount of light flocculent ferric hydroxide, 
which has been formed where the iron-bearing 
solutions first reach the surface, is carried 
in suspension by the current and is deposited 
when quiet water is reached. 
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The dehydration of iron deposits from their 
original form as ferric hydroxide to the final 
form of slightly hydrated ferric oxide is a 
slow process and results from several condi- 
tions. 

According to Ruff, 1 as already stated, the 
red colloidal ferric hydroxide suffers gradual 
dehydration and becomes anhydrous ferric 
oxide. The anhydrous oxide, however, in the 
presence of moisture becomes hydrated again 
and alters to the stable form, limonite, and re- 
mains in this form. Other investigators, how- 
ever, report that ferric hydroxide left for sev- 
eral years under water at ordinary tempera- 
tures became dehydrated and crystalline. 2 
Spring 8 says that ferric hydroxide spontane- 
ously loses its water if the iron is not combined 
chemically with some other substance. The 
yellow color would thus indicate the presence 
of alumina, lime, or magnesia. He believes 
that limonite is not a stable hydroxide and will 
give up its water when not in equilibrium with 
other oxides present. 

Pressure has in some places been an impor- 
tant factor in the dehydration of iron-bearing 
deposits and in other places heat and pressure 
both have been active. In some deposits the 
pressure may have been due simply to deep 
burial, but in other deposits deformational 
earth movements have been an added factor. 
It seems reasonable to suppose that long pe- 
riods of time, aided by pressure due to deep 
burial, might result in at least a partial dehy- 
dration of iron-bearing deposits. 

Various impurities besides iron salts are 
commonly precipitated with ferric hydroxide 
from solution, such as silica, phosphates, alu- 
mina, and manganese oxides. Silicic acid may 
be carried in solution in the colloidal form or 
as alkaline silicates. 4 The alkaline silicates are 
acted upon by carbon dioxide in solution and 
silica is thrown down. Colloidal silicic acid is 
deposited by evaporation. Phosphorus, prob- 
ably carried in solution in the form of solu- 
ble phosphates, may be precipitated either as 

1 Ruff, M op. cit. 

a Wittstcln, Vierteljahresschrlft ftir Pharmacia, Band 1, 
p. 277. Cited by Moore. K. J., op. cit., p. 537. 

8 Sprinp, W., Ueber die eisenhaltigen Farbstoffe sedimen- 
tflren Erdbodpn und fiber den wahrscheinlichen Ursprung der 
rothen Felsen : Neuea Jahrb., 1899, Band 1, pp. 47-62. 

* Sjogren, H., op. cit. 



calcium phosphate or as iron phosphate. Man- 
ganese, which may be present in solution in 
considerable amount, is thrown down upon 
oxidation as a mixture of manganese oxides. 
Some alumina also is probably precipitated 
with the ferric hydroxide, and, as previously 
stated, gypsum is thrown down with bog ores 
by the reaction of ferrous sulphate with cal- 
cium carbonate. 

FORMATION OF DEPOSITS OF FERBOUS CARBONATE. 

Ferrous carbonate is known to occur in two 
forms — the insoluble carbonate (FeC0 8 ) and 
the soluble carbonate or bicarbonate (hypo- 
thetical formula, Fe(HC0 3 ) 2 ). The insoluble 
carbonate occurs only in the solid form and is 
either crystalline or fine grained and amor- 
phous. It is made in the laboratory by pre- 
cipitating a solution of green vitriol 
(FeS0 4 .7H 2 0) with sodium bicarbonate and 
heating the mixture for 12 to 36 hours at a 
temperature of 150° C. 8 In this manner mi- 
croscopic rhombohedra of ferrous carbonate 
(FeC0 3 ) are formed. When a cold solution 
of pure ferrous sulphate is treated with sodium 
carbonate, a flocculent white precipitate of fer- 
rous carbonate is formed, which becomes dirty 
green in color on exposure to air, due to the 
absorption of oxygen and the evolution of 
carbon dioxide, and soon changes to ferric hy- 
droxide. If the precipitate is washed in the 
absence of oxygen it may be obtained pure and 
colorless, but usually it takes the form of a 
gray powder, which oxidizes readily to ferric 
oxide on exposure to air. 

Ferrous bicarbonate occurs in many natural 
waters, being taken into solution by the action 
of carbon dioxide on ferrous carbonate. It is 
not known in the dry state, for on precipita- 
tion in the absence of oxygen it changes to in- • 
soluble ferrous carbonate (FeC0 3 ) and in the 
presence of oxygen it is precipitated as ferric 
hydroxide. 

The supposition that iron is carried in solu- 
tion in natural waters principally as the bi- 
carbonate, or at least as a soluble carbonate, is 
probably fairly well founded, because abun- 
dant iron is found in many places in solution 



5 Roscoe, H. E., and Schorlemmer, C, A treatise on chem- 
istry, vol. 2, p. 1247, 1913. 
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in waters in which there is no other acid rad- 
icle present except the bicarbonate. Ferrous 
bicarbonate remains in solution for an indefi- 
nite length of time, as long as the waters carry 
an excess of carbon dioxide in the free state. 
As soon, however, as waters become depleted 
of free carbon dioxide precipitation in one of 
the various forms already mentioned will take 
place, the particular form depending on the 
conditions under which deposition occurs. 
When abundant oxygen is present precipita- 
tion will occur in the form of ferric hydrox- 
ide. When no oxygen is present and at the 
same time carbon dioxide is removed precipi- 
tation occurs in the form of iron carbonate. 
This form of precipitation takes place in 
marshes or shallow bodies of water where veg- 
etation and decaying organic matter are abun- 
dant. The free carbon dioxide is supposed to 
be removed in part by diffusion and in part 
through absorption by plants, and at the same 
time the waters are depleted of their oxygen by 
decaying organic matter. Even if part of the 
iron is precipitated in the first place as ferric 
hydroxide, that substance would probably be 
reduced and altered to carbonate on becom- 
ing mixed with muds rich in organic matter. 
The deposition of ferrous carbonate in bogs, 
therefore, is very similar to that of bog-ore de- 
posits of ferric hydroxide, except that under 
these conditions the abundance of decaying 
organic matter results in the precipitate re- 
maining in the ferrous form or being changed 
to the ferrous form. 

If the iron is thrown down as ferric hy- 
droxide and sinks to the bottom it may become 
mixed with more or less organic matter,as well 
as fine clastic sediments, and thus a considerable 
thickness of material may be built up. 1 The 
reducing action of the organic matter in the 
* muds which changes the ferric hydroxide to 
ferrous carbonate is due to the removal of 
oxygen required for the oxidation of carbon 
compounds. As such places are below the 
level of ground water the conditions for the 
oxidation are imperfect, owing to the scarcity 
of free oxygen. The carbon, therefore, takes 
part of its oxygen from the ferric hydroxide, 
reducing it to ferrous hydroxide, which reacts 
with carbon dioxide to form ferrous carbonate. 



*Van Hise, C. R., op. cit., p. 827. 



The reaction, on the assumption that carbon is 
the reducing agent, is as follows : 

f 2Fe 2 8 .3H a O+C=4FeO+CO t +3H 2 
}4FeO+4C0 2 =4FeC0 8 

From ferrous sulphate solutions ferrous 
carbonate may be precipitated by calcium car- 
bonate 2 according to the reaction : 

FeS0 4 +CaC0 8 =FeC0 8 +CaS0 4 

In the absence of oxygen and free carbon di- 
oxide the ferrous carbonate thus formed will 
be precipitated along with the calcium sul- 
phate. 

According to Van Hise and Leith, 8 ferrous 
silicate which has been precipitated from fer- 
rous sulphate or other iron solutions by alka- 
line silicates, as explained elsewhere (p. 73), 
may, in the presence of abundant carbon di- 
oxide, be partly or entirely changed to ferrous 
carbonate, according to the following reaction : 

FeSi0 3 +C0 2 =FeC0 8 +SiO 2 

In the presence of excess carbon dioxide the 
ferrous carbonate will go into solution but may 
become deposited by the removal of free carbon 
dioxide. 

Various impurities may be precipitated 
with ferrous carbonate, such as calcium car- 
bonate, magnesium carbonate, and manganese 
carbonate. 4 Of these impurities calcium car- 
bonate, which is almost invariably present in 
solution in iron-bearing waters, is by far the 
most important. Magnesium carbonate, how- 
ever, is commonly present and manganese car- 
bonate may be conspicuous locally. Silica also 
occurs abundantly in many places with ferrous 
carbonate. It may be deposited in the form of 
clastic grains along with clay and other mate- 
rials, but generally it is in the amorphous form 
as chert, and in that form it may be either a 
chemical precipitate or it may be derived from 



2 Moore, E. J., The occurrence and origin of some bog iron 
deposits in the district of Thunder Bay, Ontario : Econ. Geol- 
ogy, vol. 5, pp. 528-537. 1910. 

•Van Hiso, C. R., and Leith, C. K., The geology of the 
Lake Superior region : T T . S. Geol. Survey Mon. 52, p. 526, 
1011. 

4 Vogt, J. IL L., Marmor und Elsonerze von Dunderland : 
Bildung der Hisenorzlager : DunderlandsdalenH jernmalmfelt, 
1804, p. 106. Reviewed in Zeitschr. prakt. Geologic, 1895. 
pp. 37-39. 
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the casts of minute siliceous organisms living 
in the water. Phosphorus probably remains 
in solution under conditions which cause pre- 
cipitation of iron carbonate. 

FOBMATION OP DEPOSITS OP IRON SILICATE. 

Various iron silicates, such as amphibole, 
pyroxene, biotite, garnet, epidote, olivine, and 
chlorite, which occur in igneous and meta- 
morphic rocks have already been mentioned. 
Most of them are complex silicates containing 
iron, aluminum, magnesium, calcium, and other 
elements. Besides these there are a num- 
ber of secondary hydrous iron silicates which 
form under ordinary conditions of sedimenta- 
tion, such as glauconite, greenalite, thuringite, 
chamosite, berthierine, and bavalite. The oc- 
currence and association cf these have also 
been described. 

In ordinary sedimentary iron-bearing de- 
posits, such as bog ores, ferrous silicates are 
stated by Van Hise to be formed by reaction 
between colloidal silica and ferrous com- 
pounds. 1 When ferric hydroxide is precipi- 
tated in the presence of abundant organic mat- 
ter and becomes mixed with it in the mud it 
is reduced to ferrous oxide, as already ex- 
plained. Van Hise says that if under these 
circumstances abundant colloidal silica is pres- 
ent it may unite with the ferrous oxide and 
form ferrous silicate, generally more or less 
hydrated. The formation of hydrous ferrous 
silicate under these conditions, rather than 
ferrous carbonate, is said to be probably de- 
pendent on the law of mass action. 1 It 
seems to be extremely questionable, however, 
whether ferrous silicate is ever formed in this 
manner. 

Van Hise and Leith 2 give a discussion of 
the formation of iron silicate from iron solu- 
tions by the action of alkaline silicates on fer- 
rous salts. The iron silicate greenalite 
(Fe(Mg)O.Si0 2 .nII 2 0), of the Lake Superior 
iron-bearing formations, is supposed to have 
been thus precipitated. 

Various laboratory experiments were per- 
formed to show the reactions between silicic 
acid or alkaline silicates and iron salts. The 

1 Van IHrp, C. R., A troatlse on metamorphlsm : U. S. Geol. 
Survey Mon. 47, p. 827, 1904. 

* Van Hise, C. R., and Leith, C. K. f op. cit, pp. 521-526. 



silicic acid used was produced from alkaline 
silicates by treatment with hydrochloric acid, 
so that the solutions contained sodium chloride 
as well. They thus resembled sea water, in 
which the deposition of greenalite is believed 
to have taken place. Van Hise and Leith 
come to substantially the following conclusions 
concerning the formation of iron silicates: 8 

1. A solution of ferrous salt when boiled 
with silicic acid prepared as above stated [by 
neutralizing sodium silicate or water glass 
(Na 2 0.3Si0 2 ) with hydrochloric acid] pro- 
duces (in the absence of air) no precipitate, 
showing that silicic acid and a ferrous salt do 
not react to form ferrous silicate. 

2. Ferrous sulphate reacts directly with so- 
lutions of silicates of the alkalies, producing a 
granular precipitate corresponding in composi- 
tion to the water glass used in the precipita- 
tion. Thus: 

FeS0 4 +Na a 0.8Si0 2 =Fe0.3SiO a +Na 2 S0 4 

<The precipitate formed in this manner is 
composed of ferrous silicate and free silica. 
When the relative proportions of alkali and 
silica are varied in the water glass the amount 
of silica precipitated with the ferrous silicate 
also varies. If a soluble magnesium salt is 
present it will be precipitated with the iron as 
magnesium silicate. The ferrous silicates pro- 
duced were as follows: (1) Fe0.3Si0 2 , 
formed from hot or cold solutions with fer- 
rous salt in excess, (2) Fe0.5Si0 2 , formed 
from cold solutions with water glass in excess, 
and (3) FeO.10SiO 2 , formed from hot solu- 
tions with water glass in excess. When 
Fe0.3Si0 2 is boiled with water silica is taken 
into solution and the precipitate which remains 
approaches FeO.Si0 2 in composition. How- 
ever, this composition is not reached, for the 
iron oxidizes, rendering the remaining silica 
soluble. If allowed to stand and dry, out of 
contact with the air, the hydrous ferrous sili- 
cates also gradually lose water. 

3. The ferrous silicates require neutral or 
slightly alkaline conditions for precipitation. 
They are soluble in acids or strong alkalies. 

4. In the presence of oxygen varying amounts 
of ferric oxide form with the ferrous silicate. 

• Idem, p. 521. 
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5. Ferrous silicates may be precipitated by al- 
kaline silicates from various ferrous salts, such 
as ferrous sulphate, ferrous bicarbonate, and 
ferrous chloride. The reaction for ferrous 
chloride would be 

FeCl 2 +Na 2 Si0 8 =FeSi0 8 +2NaCl 

6. In the presence of an excess of carbon di- 
oxide ferrous silicate may be changed to fer- 
rous carbonate. 

The precipitates of hydrous ferrous silicates 
formed as described above are flocculent and of 
a green color. According to Van Hise and 
Leith they develop on settling a granular 
texture similar to the greenalite occurring 
in the Lake Superior iron formation. This 
phenomenon is stated to be due probably to the 
surface tension between the precipitate and 
the liquid. 

The commonly quoted hypothesis of the 
formation of the iron silicate glauconite is 
that of Murray and Kenard which has al- 
ready been mentioned. 1 According to this 
hypothesis the iron silicate is not precipitated 
as such but is formed by secondary processes. 
Shells of dead organisms, mainly Foraminif- 
era, drop to the bottom and become filled 
with fine mucf containing iron. This mud is 
acted upon by the organic matter of the or- 
ganism in the presence of sulphates in the sea 
water resulting in the reduction of the iron 
present in the mud to sulphide. This sulphide 
later oxidizes to ferric hydroxide setting free 
sulphuric acid, whicli removes the alumina in 
solution and sets free colloidal silica. The 
colloidal silica in turn reacts upon the hy- 
droxide, and in the presence of potassium salts, 
derived from other minerals, forms glauconite. 

FOBMATION OF DEPOSITS OF IRON SULPHIDE. 

Sulphides of iron may be precipitated from 
either organic or inorganic solutions of iron 
salts by simple chemical reaction with other 
constituents in solution or with materials in 
contact with the solutions. Precipitation 
may also take place by the reduction of iron 
sulphate in solution through the action of or- 
ganic matter, bacteria, or other reducing agent, 

1 Murray, J., and Renard, A. I\. ChalletKjer Rept., Deep-sea 
deposits, p. .TS.t, 1S01. 

Clarke, F. W., The data of geochemistry, 3d ed. : t". 8. 
Geol. Survey Bull. 616, p. 516, 1016. 



or by the action of hydrogen sulphide, liber- 
ated from decaying organic matter, on iron 
carbonate or other iron salts in solution. 

The following are the principal sulphides of 
iron : 2 

Formula. 

Ferrous sulphide, troiUte FeS 

Magnetic iron sulphide, pyrrhotite FenSu 

Ferric sulphide Fe,S» 

Iron disulphide, pyrite, marcasite, and mel- 
nikowite FeSa 

Ferrous sulphide, or iron monosulphide, oc- 
curs in nature as a constituent of certain sedi- 
ments containing abundant organic matter and 
laid down under strongly reducing conditions. 
Such deposits occur in the Black Sea and else- 
where and have already been described. Fer- 
rous sulphide is also f ound as the mineral troi- 
lite, a constituent of some meteorites. It is 
easily formed in the laboratory 2 by the direct 
union of the elements iron and sulphur, (1) 
by burning iron in sulphur vapor, (2) by 
heating iron filings and sulphur together in 
a red hot crucible, or (3) by stirring a white- 
hot iron rod in molten sulphur. In this man- 
ner ferrous sulphide forms as a yellowish crys- 
talline metallic substance. When iron filings 
and sulphur are mixed with water and rubbed 
to a paste, black ferrous sulphide is produced 
with the evolution of heat. It is also formed 
as a black amorphous mass by the action of 
ammonium sulphide on solutions of ferrous 
salts or by the reduction of ferric oxide or its 
salts in the presence of sulphates and decom- 
posing organic matter. Ferrous sulphide may 
also be formed by action of hydrogen sulphide, 
liberated from decaying organic matter, on iron 
carbonate or other iron salts in solution. 

Magnetic iron sulphide is a mixture of the 
monosulphide and the sesqu isulphide of iron. 
It occurs abundantly in metalliferous veins as 
the mineral pyrrhotite. It does not form 
under ordinary conditions of sedimentation 
but is a product of hot magmatic solutions. 

Ferric sulphide is not known to occur in 
nature. In the laboratory 2 it is produced by 
the action of ammonium sulphide on solutions 
of ferric salts in an excess of alkali. When 
the ferric salt is in excess a mixture of ferrous 
sulphide and sulphur is formed. Ferric sul- 

2 Roscoe, II. K., and Sohorlemmer, (\, Treatise on chemis- 
try, vol. 2, pp. 1 2.12-1 2.XJ, 1013. 
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phide is formed also by the action of hydro- 
gen sulphide on ferric hydroxide in the pres- 
ence of traces of ammonia. It may be formed 
dry by gently heating sulphur and iron to- 
gether or by the action of hydrogen sulphide 
on ferric oxide at a temperature not above 
100° C When thus formed the material is a 
yellow nonmagnetic mass. 

Disulphide of iron occurs abundantly in 
nature as the minerals pyrite and marcasite 
and locally as melnikowite. 1 Pyrite forms 
beds and lenses interlayered with sedimentary 
and metamorphic rocks and occurs dissemi- 
nated or as concretions in sedimentary rocks, 
such as shale, limestone, and quartzite. It is 
also abundantly disseminated through igneous 
rocks and occurs in association with metallifer- 
ous ore deposits, both in those of magmatic 
origin and those of meteoric origin. In gen- 
eral it is one of the most widespread iron min- 
erals and occurs in rocks of various kinds. 
Marcasite occurs in metalliferous veins. It is 
not as common as pyrite. 

Iron disulphide is said to be formed in na- 
ture by the action of organic matter on water 
which contains iron sulphate in solution and 
generally occurs as spherical, botryoidal, or 
stalactitic pnasses. It also is common in peat 
and coal, replacing organic matter and tak- 
ing the form of roots, wood, etc. 2 

In the laboratory iron disulphide is formed 
by heating ferrous sulphide with sulphur or 
by passing hydrogen sulphide over oxides or 
chlorides of iron heated to redness. It is 
formed also as yellow crystalline pyrites when 
carbon bisulphide vapor acts upon heated fer- 
ric oxide; when a mixture of ferric oxide, sul- 
phur, and salammoniac is heated slowly above 
the volatilization temperature of salammo- 
niac; or when ferric chloride is heated with 
phosphorus pentasulphicle. 

Van Hise 3 says that iron disulphide may be 
formed in sedimentary iron-bearing deposits 
by the reduction of basic ferric sulphate, 
which, as has been explained, results from the 
oxidation of ferrous sulphate solutions and 
may be deposited together with ferric hydrox- 
ide in the bottoms of lagoons. The reduction 
is due to decaying organic matter, which re- 



1 Doss f Bruno, Zeitschr. prakt Geologic, Jahrg. 20, pp. 
453-483, 1012. 

'Boacoe, II. E„ and Sehorlemmer, C, op. cit, p. 1234. 
•Van Hise, C. R., op. cit, p. 828. 



quires abundant oxygen and takes part of it 
from the basic ferric sulphate, which is thus 
reduced to disulphide of iron. As there is 
more iron present than is required for com- 
bination with the sulphur, it is believed that 
the excess iron may combine with carbon di- 
oxide or perhaps with silica and form fer- 
rous carbonate or ferrous silicate. 

Much of the iron sulphide occurring in sed- 
imentary rocks has doubtless been formed by 
chemical processes, but the chemical action is 
for the most part the result of the decompo- 
sition of organic matter by bacteria. Decom- 
posing organic matter may cause the forma- 
tion of iron sulphide (1) by the direct reduc- 
tion of iron sulphate in solution, owing to the 
removal of oxygen by the oxidation of carbon, 
or (2) by the action of hydrogen sulphide, pro- 
duced during the decomposition, on various 
iron salts in solution. Much of the iron sul- 
phide also is deposited directly by the bacteria 
which have the power of reducing iron sul- 
phates to sulphide and which have already 
been described. 

As bacteria are largely responsible for the 
deposition of iron sulphide in nature, the dis- 
cussion of this subject is therefore taken up in 
connection with the biologic deposition of 
iron. 

DEPOSITION OF IRON BY BIOLOGIC AGENCIES. 
FORMATION OF DEPOSITS OF FERRIC HYDROXIDE. 

As bacterial processes are becoming better 
understood their relations to various phenom- 
ena in geology are found to be of increasing 
importance. Not only do they aid in the de- 
composition of rocks, as has already been 
shown, but they are important factors in the 
formation of certain rock and mineral deposits, 
notably those of calcium carbonate, calcium 
phosphate, 4 ferric hydroxide, and iron sul- 
phide. 

Drew, 5 Kellerman, Yaughan, and others who 
have recently investigated modern calcium 
carbonate deposits of the sea bottom have come 



* Black welder, Eliot, The geologic role of phosphorus : Am. 
Jour. Sci., 4th ser., vol. 42, pp. 285-208, 1916. 

5 Drew, G. H., On the precipitation of calcium carbonate 
by marine bacteria and on the action of denitrifying bac- 
teria In tropical and temperate seas : Carnegie Inst. Wash- 
ington, Dept Marine Biology, Papers from Tortugas Labora- 
tory, vol. 5, pp. 7-45, 1914. 
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to the conclusion that bacterial processes have 
played an important part in the formation of 
the vast beds of marine, nonfossiliferous lime- 
stone of various geologic ages. 

The generally accepted hypothesis for the 
formation of noiffossiliferous limestones has 
been that they were formed as chemical pre- 
cipitates, the precipitation being ascribed to 
the action of ammonium carbonate, an end 
product of the decomposition of nitrogenous 
organic matter, on calcium sulphate present 
in sea water, according to the following equa- 
tion : 1 

(NH 4 ) f C0 3 +CaS0 4 =CaCO g + (NHJ,S0 4 

Decay-producing bacteria are of great im- 
portance in this process, for it is due largely 
to their activity that ammonia is produced, 
and this unites with carbon dioxide in solution 
to form ammonium carbonate. 

Drew in his recent work has shown that 
widely distributed marine denitrifying bacteria 
are also of great importance in the precipita- 
tion of calcium carbonate. He claims that 
these bacteria have largely caused the exten- 
sive accumulations of chalky mud in the vicin- 
ity of the Bahamas and the Florida Keys 
which are being formed at the present time, 
and that they also play an important part in 
the cementation of fragments of coral and 
shells into coralline rock. He suggests, that 
bacterial action has been an important factor 
in the past in the formation of chalks and 
limestones of different geologic ages. 

The principal denitrifying bacterium active 
in this precipitation is a minute, actively mo- 
tile bacillus with rounded ends, named Bac- 
terium calcis by Drew but found by Keller- 
man to have a single polar flagellum and to 
belong to the genus Pseudomonas. 2 It is a 
facultative anaerobe and has the power of re- 
ducing nitrates to nitrites. The nitrites thus 
formed gradually disappear with the forma- 
tion of some ammonia but without the per- 
ceptible formation of free nitrogen. 



1 Murray, J., and Hjort, J., The depth of the ocean, 1912. 

Murray, J., and Irvine, R., On coral reefs and other car- 
bonate of lime formations In modern seas : Roy. Soc. Edin- 
burgh Proc, vol. 17. 18R9. 

2 Vaughan, T. W., Geological Investigations in the Baha- 
mas and southern Florida : Carnegie Inst. Washington, Ann. 
Rept. Dept. Marine Biology, Yearbook 13, pp. 227-233, 1915. 



The principal culture medium used by Drew 
in the laboratory for preparing cultures of 
this organism consisted of calcium malate (or 
calcium acetate), potassium nitrate, sodium 
phosphate, and sea water. Agar and gelatin 
were used in conjunction with these salts in 
the preparation of solid media. In these arti- 
ficial media the reduction of the nitrates be- 
gins in a very short time and is accompanied 
by the precipitation of calcium carbonate. 

Drew states that the precipitation of cal- 
cium carbonate by these bacteria is in part 
caused by the greater alkalinity of the solution 
which results from the breaking down of ni- 
trates and setting free of the bases during the 
process of denitrification but is probably due in 
part also to the direct breaking up of calcium 
salts (chiefly of organic acids), the calcium 
then uniting with carbon dioxide to form cal- 
cium carbonate. 

Kellerman and Smith, 8 who have recently 
further studied the activity of the microorgan- 
isms that precipitate calcium carbonate, be- 
lieve that the precipitation may take place in 
any of the following ways: 

1. The reduction of nitrates results in the 
formation of nitrites and finally of ammonia, 
which unites with the carbon dioxidp present to 
form ammonium carbonate, and this reacts 
upon calcium sulphate to form calcium car- 
bonate according to the equation already given. 
Ammonia may also be formed by the decom- 
position of protein. 

2. Ammonia itself may react on calcium bi- 
carbonate present in the sea water and pre- 
cipitate calcium carbonate according to the 
following equation: 

Ca(HC0 3 ) 2 +2NH 4 OH= 

CaC0 8 + (NH 4 ) 2 C0 8 +2H 2 

3. The bacteria feed on organic acids and as 
far as calcium salts of organic acids are present 
in sea water these are broken up and the cal- 
cium unites with free carbon dioxide and is 
precipitated as calcium carbonate. For this 
process denitrifying organisms also may be 
necessary. 

3 Kellerman, K. F., and Smith, N. R., Bacterial precipita- 
tion of calcium carbonate : Washington Acad. Scl. Jour., vol. 
4, No. 14, pp. 400-402, 1914. 
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has not yet been studied in detail. Lieske 1 has 
shown that SpirophyUum ferrugineum will 
not grow in media in which ferrous bicarbon- 
ate is not present, and that other iron salts can 
not take the place of ferrous bicarbonate in 
culture media for Spiropkyllum. He found 
also that the smaller the amount of organic 
material present in the solutions the better is 
its growth. In solutions containing an abun- 
dance of carbon dioxide but in which organic 
matter was entirely absent, SpiropkyUum fer- 
ruginevm was found to grow profusely. The 
culture solutions for SpiropkyUum which 
Lieske used contained metallic iron and carbon 
dioxide for the formation of ferrous bicarbon- 
ate, and small amounts of ammonium and mag- 
nesium sulphates, potassium chloride, calcium 
nitrate, and potassium phosphate to supply 
other elements required by the organisms for 
growth. 

In his experiments Lieske substituted other 
metals, such as manganese, lead, zinc, tungsten, 
copper, etc., for iron, but found that with none 
of these metals did growth take place. He at- 
tempted also to substitute ferric salts as well 
as other ferrous salts for ferrous bicarbonate 
but found that these did not induce any growth 
of SpirophyUum, However, he" found that if 
ferrous bicarbonate were present in addition 
to some other iron salts the latter did not im- 
pair the growth. Atmospheric oxygen was 
found to be absolutely necessary for the growth 
of SpiropkyUum, and when oxygen was ab- 
sent no growth took place. The optimum tem- 
perature was found to be 5° to 6° C, no growth 
taking place in solutions above 27° C. 

From .these results it was concluded that 
SpiropkyUum ferrugineum will grow in en- 
tirely inorganic media, that it does not re- 
quire organic carbon for food but will take 
its carbon from ferrous bicarbonate, and that 
besides carbon it requires iron and oxygen. It 
is difficult to see why the organism finds it 
necessary to take carbon from the ferrous bi- 
carbonate rather than utilize the carbon di- 
oxide in solution in the water, unless, as is prob- 
able, the oxidation of ferrous carbonate is 
necessary as a source of energy. 

1 Lioske, R., HoltrJicro zur Konntnls <W Physlolnpfp von 
ffpirophj/Uum ferruttinrum (Ellis) : .Tnlirb. wisH. Itotanlk, 
Band 40, 01-ll'T, 1011; also Ontralbl. Ilukterlologie, Abt. 
V, Band 31. pp. 200-298, 1011. 



The physiology of Crenotkrix polyspora, 
Clonothrix fusca, and Siderocapsa treubii has* 
not been thoroughly studied, and the exact con- 
ditions under which these organisms thrive are 
not known. Crenotkrix polyspora grows abun- 
dantly in pure well waters, which, besides cal- 
cium and magnesium carbonates and a small 
amount of iron, contain few impurities. These 
conditions are very similar to those under 
which SpirophyUum and Gallionella thrive 
and would seem to indicate that Crenotkrix 
requires very little if any organic matter. 
Crenotkrix polyspora apparently does not 
grow profusely in marsh waters, where abun- 
dant organic matter is present. Clonotkrix 
fusca resembles CrenotJvrix in its occurrence. 
Siderocapsa, on the other hand, more nearly 
resembles Leptotkrix in its habits, occurring 
in marshes attached to living or dead vege- 
table matter and, like Leptotkrix, probably 
requires organic matter for growth. 

Of the second group of iron-precipitating 
bacteria the principal forms are Leptotkrix 
ockracea (Cklamydothrix ockracea), and 
Cladotkrix dickotomcu Leptotkrix ockracea 
occurs abundantly in iron-bearing waters of 
iron springs and marshes, and Cladotkrix 
dichotoma is a common soil organism^ appar- 
ently being but little influenced in its distribu- 
tion by the presence of iron compounds. 

While the occurrence of Leptotkrix ockracea 
in nature is undoubtedly controlled to a large 
extent by the presence of iron salts, it has been 
shown by Molisch 2 that in the laboratory 
Leptothrix will thrive abundantly on iron-free 
culture media consisting of distilled water with 
1 to 2 per cent peptone. If iron is present in 
the culture solutions, however, Leptotkrix will 
show better development and will deposit fer- 
ric hydroxide in its sheath. It has a great af- 
finity for manganese compounds as well, and 
if manganese salts are present it will deposit 
hydrated manganese oxide in its sheath. 

The form in which the iron or manganese 
occurs apparently makes little difference in the 
development of Leptotkrix. In the natural 
waters in which Leptotkrix grows the iron is 
probably largely in solution as ferrous bicar- 
bonate with perhaps subordinate amounts as 
ferrous sulphate and organic iron salts. In the 
laboratory Molisch used mainly organic salts 

* Molisch, Hans, Pie Eisenbaktcrlen, p. 45, 1910. 
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of iron and manganese, such as iron ammo- 
nium citrate, iron ammonium tartrate, and 
manganpeptone, and obtained profuse growth. 
Like SpirophyUwm ferrugineum, Leptothrix 
ochrcucea is an aerobic organism, but unlike 
SpirophyUwm it requires organic matter as a 
source of carbon. Molisch states that he has 
never been able to cultivate it in a medium free 
from organic matter. The optimum tempera- 
ture for the growth of Leptothrix ochracea is 
23° to 25° C, and the temperature limits are 
5° to 40° C. 

Cladothrix dichotoma is a widespread soil 
organism, occurring in association with Strep- 
tothrix, Actinomycetes, and other thread bac- 
teria. It grows abundantly on most of the 
ordinary culture media used for soil bacteria, 
and if iron is present in them it will deposit 
ferric hydroxide on its sheath. 

The third group of organisms probably in- 
cludes numerous species, nearly all of which 
are lower bacterial forms. These bacteria use 
the acid radicle of organic iron salts as a 
source of food, and this results in the precipi- 
tation of ferric hydroxide or basic ferric salts. 
Many of the forms probably attack only one or 
two organic salts, perhaps iron citrate, iron 
tartrate, or iron malate, but others may be able 
to use a large number of organic iron salts, in- 
cluding salts of soil acids, such as humates. 
At present very little definite information is 
at hand concerning the importance of this 
process in nature, and even in the laboratory 
this phenomenon has been studied only in a 
very general way. It is quite possible that 
many of the already well-known soil bacteria 
have the power of thus precipitating insolu- 
ble ferric compounds from solution from one 
or more organic iron salts. I have isolated 
several forms which actively precipitate in- 
soluble ferric salts from solutions of ferric 
ammonium citrate and have cultivated them 
on solid media. I have also succeeded in caus- 
ing precipitation of insoluble ferric salts by 
microorganisms from iron oxalate, iron lac- 
tate, and other organic iron salts but have not 
yet been successful in growing any of the pre- 
cipitants of these organic iron salts on solid 
media. 

It seems probable that the insoluble ferric 
compounds precipitated as a result of this 
activity are mixtures of ferric hydroxides and 



various basic organic iron salts. After pre- 
cipitation, however, bacterial activity probably 
continues, and as a result more and more of 
the organic acid radicle is doubtless removed 
from the precipitate until finally only ferric 
hydroxide is left. 

The importance of this group of organisms 
in the formation of iron-ore deposits of course 
depends entirely upon the extent to which or- 
ganic compounds of iron, such as humates, are 
carried in solution in natural waters. Some in- 
vestigators believe that large amounts are car- 
ried in this way, but others believe that the 
amounts thus carried are insignificant and that 
practically all the iron in solution in natural 
waters is in the form of ferrous bicarbonate. 
From observations regarding the conditions 
under which iron is retained in solution in 
natural waters, notably the fact that surface 
waters, which are apparently saturated with 
oxygen and carry little carbon dioxide, com- 
monly contain appreciable quantities of iron, 
it seems reasonable to believe that iron is car- 
ried in other forms besides that of bicarbonate. 
What these forms are will have to be deter- 
mined by further work including careful analy- 
ses of iron-bearing waters. It is extremely 
difficult to detect organic iron salts when pres- 
ent in such small quantities as would occur in 
natural waters. 

As both chemical and biologic processes of 
various kinds are admittedly active in the pre- 
cipitation of ferric hydroxide, the question as 
to which process is predominant in the forma- 
tion of sedimentary iron-ore deposits and iron- 
bearing formations must be solved largely by 
field evidence. As many of the present de- 
posits of iron carbonate were probably origin- 
ally laid down as ferric hydroxide and were 
subsequently reduced, this question not only 
concerns the present deposits of ferric oxide 
but many of the deposits of ferrous carbonate 
and perhaps of ferrous silicate as well. 

From the geologist's point of view, the im- 
portant things to be considered with reference 
to bacteria that deposit ferric hydroxide are 
as follows: (1) Their distribution, whether 
widespread or limited; (2) the importance of 
their activity in natural iron-bearing waters, 
as compared with simple oxidation; (3) the 
conditions under which they are active; (4) 



Digitized by 



Google 



80 



IBON-DEPOSITING BACTEBIA AND THEIK GEOLOGIC RELATIONS. 



the part which they have played in the forma- 
tion of iron-ore deposits in the past. 

It has been repeatedly mentioned that iron 
thread bacteria are found practically wherever 
iron-bearing waters occur, whether stagnant 
or flowing. Some varieties are more abundant 
in iron springs, wells, and mines, where the 
water is relatively pure, but others are com- 
mon in marshes and lagoons where organic 
matter is abundant. I have examined ocherous 
scums deposited from iron-bearing waters from 
many different localities and have almost in- 
variably found that they consisted mainly of 
sheaths of iron thread bacteria associated lo- 
cally with granular and colloidal ferric hy- 
droxide. In fact, I have examined only one 
specimen of ocherous scum in which I did not 
find bacterial remains. This was obtained 
from the hot springs near Ainsworth, British 
Columbia, and was sent to me by Mr. A. D. 
Wheeler, who says that the temperature of 
the spring is 112° F. The material is yellow- 
ish brown in color and in the dry state is a 
fine powder. Under the microscope it is seen 
to consist of minute rounded granules, some 
spherical, some elongated, and some irregular 
in shape. The granules are light-colored, semi- 
transparent, but with a dark border as though 
they might be hollow casts. 

One of the most common forms found, and 
one which occurs in relatively pure surface 
as well as underground waters, is Spirophyl- 
lum. I have found this form in nearly all the 
iron springs which I have examined and also 
in the waters of several mines and in iron- 
bearing well waters. It may occur in pure 
culture or it may be associated with any of the 
other forms of iron thread bacteria. GaUio- 
nella is not so common as Spirophyllvm* and I 
have found it only in mines, where it is com- 
monly associated with Spirophyllum and 
Leptothrix. 

Leptothrix is almost as widespread as Sptro- 
phyllwm, and usually is the predominant form 
where it is found. It is common in iron 
springs and marshes, where in many places it 
forms large yellowish-brown gelatinous masses. 
At one locality I found it in a mine occurring 
in gelatinous masses on the sides and bottoms 
of drifts near openings where iron-bearing 
waters issued. With it occurred also Oallio- 
nella and Spirophyllum. This occurrence of 



iron thread bacteria in mine drifts at depths 
as great as 300 feet and probably much deeper 
is extremely interesting and to my knowledge 
has not been mentioned in the literature. It 
opens the interesting possibility that not only 
may these bacteria be instrumental in the 
formation of surface bog ores, but they may 
play a part in the formation of certain under- 
ground deposits of limonite such as those 
which occur in the Appalachian region. 

Crenothrix and Clonothrix occur more 
rarely than the other iron thread bacteria. I 
have found Crenothrix only in well water that 
has passed through city distributing pipes. 
Molisch, however, states that in Europe it has 
been found also in surface waters that contain 
iron. Clonothrix is said to live under the same 
conditions as Crenothrix. I know of its occur- 
rence only on the walls of certain underground 
aqueducts that conduct water from lakes to 
city reservoirs. 

Though the work concerning the distribu- 
tion of iron thread bacteria has perhaps not 
yet been as extensive as might be wished, it 
has been sufficient to indicate that wherever 
accumulations of ferric hydroxide voccur at 
the present time under normal conditions they 
are largely due to the action of iron thread 
bacteria. 

To what extent the lower iron-precipitating 
bacteria present in soil and natural waters 
are instrumental in the formation of deposits 
of ferric hydroxide it is as yet impossible to 
say. These organisms do not leave residues 
that are readily identifiable, as are those left 
by thread bacteria, and besides it is not known 
to what extent iron is carried in solution in 
forms that could be utilized by them. In many 
of the iron scums much granular and colloidal 
ferric hydroxide is associated with the casts of 
iron thread bacteria, and it is possible that this 
material may in part have resulted from the 
action of the lower bacterial types. At any 
rate it is of considerable interest to note that 
these organisms are almost universally present 
in soil and natural water. 

The abundant occurrence of iron thread bac- 
teria on articles of metallic iron that are rust- 
ing under water is also interesting. It shows 
that these organisms are readily distributed in 
nature and are not confined to certain places 
where iron-bearing waters 'are constantly 
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present. I have seen Spirophyllum attached 
to iron articles that were rusting in small tem- 
porary pools of water in localities where it was 
very difficult to account for its presence unless 
it had been carried by non iron-bearing waters 
for long distances. Generally when such pools 
of water dry up porous tubercles of iron rust 
are formed on the surface of the metallic iron. 
These tubercles may be several inches in di- 
ameter at the base and consist largely of dried 
casts of iron thread bacteria. See fig. 13 and 
PL IX, B.) 

The question as to the relative importance of 
microorganisms and simple oxidation in the 
precipitation of ferric hydroxide under natural 
conditions is a difficult one to answer. I have 
allowed samples of water that contain natural 
ferrous bicarbonate in solution to stand in ves- 
sels so that the iron present was precipitated 
and formed a deposit at the bottom. Upon ex- 
amination this deposit was found to consist of 
a mixture of casts of iron thread bacteria and 
granular ferric hydroxide, the granular ferric 
hydroxide being somewhat more abundant. 
The granular material probably resulted from 
direct oxidation, although there is a possibility 
that lower forms of iron-precipitating bacteria 
assisted. However, even though simple oxida- 
tion may be more effective in the precipitation 
of ferric hydroxide from ferrous bicarbonate 
solutions, the fact that deposits of the precipi- 
tate found in nature are made up largely of 
bacterial remains indicates the importance of 
microorganisms in the accumulation if not in 
the precipitation of the ferric hydroxide. 

Other questions which arise are what pei- 
centage of the iron is carried in other forms 
besides that of ferrous bicarbonate, and what is 
the relative importance of organisms and sim- 
ple oxidation in the precipitation of ferric hy- 
droxide from such iron solutions. By present 
analytical methods it is practically impossible 
to tell ordinarily in what form the bases are 
carried in solution. It has been the common 
practice to combine certain bases with certain 
acid radicles without reference to the most 
probable combinations of salts present. Not 
only is it difficult, however, to determine in 
what manner different bases and acid radicles 
are combined, but also to determine the pres- 
ence of small quantities of certain acid radicles, 
65620°— 19 6 



especially those of organic salts, in solution. 
Iron may not all be present in solution as fer- 
rous bicarbonate or ferrous sulphate but may 
occur in forms which resist oxidation for a 
long time or may even require special condi- 
tions for any precipitation at all to take place. 

The conditions under which iron bacteria 
are active in nature seem to be extremely va- 
ried. They thrive in surface as well as in 
underground waters and in stagnant as well 
as in running waters. Temperature also, 
within moderate limits, seems to have little ef- 
fect on the growth of iron-depositing bacteria, 
although most of them seem to prefer cold 
waters to warm waters. In the hot spring near 
Ainsworth, British Columbia, having a tem- 
perature of 112° F., there are apparently no 
remains of iron-depositing bacteria present in 
the ocherous deposits, but in ordinary iron 
springs both Leptothrix and Spirophyllum 
thrive during the winter as well as during the 
summer, and Crenothrix is present in city 
water pipes throughout the year. Lieske 
states that the optimum temperature for Spiro- 
phyllum is 5° to 6° C. 1 I have found 9° to 10° 
C. to be a common temperature in iron springs 
containing growths of iron-depositing bacteria. 

The amount of iron required in solution for 
most iron-depositing bacteria seems to be ex- 
tremely small. Crenothrix is abundant in the 
water of the city supply of Madison, Wis., 
which contains only 1.8 parts of ferric oxide 
(Fe 2 O s ) per million, and Leptothrix was 
found to grow profusely in iron spring water 
containing 5.2 parts of ferric oxide (Fe 2 3 ) 
per million. The latter amount of iron im- 
parts a strong iron taste to the water, but I 
have found both Leptothrix and Spirophyl- 
lum in water in which the iron present was 
hardly noticeable to the taste. 

The amount of organic matter in solution is 
somewhat of a limiting factor in the growth 
of iron-depositing bacteria. Some forms, like 
Leptothrix, require a certain amount of or- 
ganic carbon present, but other forms, such 
as Spirophyllum, thrive best in water contain- 
ing little or no organic carbon. It is probable, 
also, that other materials in solution, such as cer- 
tain inorganic salts, affect the growth of iron- 
depositing bacteria. Iron-depositing thread 
bacteria have never been found in sea water and 



1 Lieske, R., op. clt. 
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probably do not occur there on account of the 
high percentage of certain inorganic salts 
present. 

The question as to what part iron-deposit- 
ing bacteria have played in the formation of 
iron-ore deposits in the past can not be set- 
tled by direct field evidence, for bacterial re- 
mains are comparatively short-lived in ocher- 
ous accumulations of iron oxide, and the slight- 
est metamorphism will completely obliterate 
all traces of them. Schorler * has shown that 
even in the ferric hydroxide crusts forming in- 
side of water pipes in cities which use iron- 
bearing waters, the form of the bacterial re- 
mains composing them is preserved only for a 
comparatively short time in the outer layers 
of the crust and the inside layers consist of 
compact limonite from which all traces of bac- 
terial forms have vanished. 

In some of the recent bog iron ore deposits, 
however, casts of the organisms are still to be 
seen, although there are many in which not a 
trace of them remains. Thus out of 61 speci- 
mens of bog ore examined by Molisch 2 he 
found only four which showed abundant re- 
mains of iron thread bacteria. It is probable 
that much of the granular ferric hydroxide 
which composes bog iron ore was originally in 
the form of casts of thread bacteria, but doubt- 
less also much of it is chemically precipitated 
material, which has perhaps formed in quiet 
waters or which has had a chance to accumu- 
late because of becoming attached to bacterial 
threads or other objects. Perhaps a part of 
this granular material may have been precipi- 
tated by lower bacteria as well, such as Sldero- 
capsa and other forms already described, and 
thus would probably be indistinguishable from 
the chemically precipitated material. 

Both chemical and biologic processes seem 
to have been important in the formation of 
iron-ore deposits in the past, and the question 
as to which has predominated in the formation 
of any particular deposit must be solved by a 
study of the conditions at the time of deposi- 
tion. The method of attack involves a study 
not only of the sedimentation, but of climate, 
depth of water, relation to land areas, nature 

1 Schorler B., Die Rostbildungen In den Wasserloitungs- 
rtfhren : Centralbl. Bakteriologle, Abt. 2, Band 15, pp. 504- 
508, 1006. 

a Molisch. Hans. Die Eisenbakterien, pp. 59-05, Jena, 1910. 



of currents, nature of materials carried in so- 
lution, and many other factors. It is only 
through a complete study of all the conditions 
involved that a conclusion may be arrived at 
as to the most probable manner of deposition 
of any individual deposit. 

FORMATION OF DEPOSITS OF FERROUS SULPHIDE. 

The deposition of ferrous sulphide usually 
takes place in inclosed or partly inclosed bodies 
of water in which decaying organic matter is 
abundant. The organic matter is decomposed 
largely by the action of microorganisms, and 
during the decompositionJiydrogen sulphide, 
ammonia, hydrogen, methane, and other gases 
are liberated. Iron salts are probably brought 
in by streams from surrounding regions. Un- 
der strongly reducing conditions and in the 
presence of hydrogen sulphide these become 
converted to hydrous ferrous sulphide and are 
precipitated. 

In the formation of deposits of ferrous sul- 
phide, under ordinary conditions of sedimenta- 
tion, the ferrous sulphide may be precipitated 
from iron-bearing solutions directly by the re- 
duction of iron sulphates, sulphites, or thio- 
sulphates by microorganisms, or it may be pre- 
cipitated by the action of hydrogen sulphide 
on ferrous salts in solution, the hydrogen sul- 
phide being formed by bacterial action either 
from decaying sulphur-bearing organic mat- 
ter, from salts of sulphurous or sulphuric acid 
by reduction, or from free sulphur by reduc- 
tion. 8 The precipitation of ferrous sulphide 
occurs under reducing conditions and usually 
in the presence of abundant decaying organic 
matter. The action is therefore largely de- 
pendent on the presence of various reducing 
and decay-producing organisms. 

Besides forming as a direct precipitate from 
ferrous solutions, ferrous sulphide may be 
formed by the reduction of originally precipi- 
tated ferric hydroxide under the action of de- 
caying organic matter in the presence of sul- 
phates. 

I have already discussed the precipitation of 
ferrous sulphide in some detail, so that it will 
not be necessary to state more than the essen- 
tials of the process here. Probably the most 

8 Omellanskl, W., Per Krolslauf des Schwefels, in F. La- 
far'a Handbuch der technlsohen Mycologie, Band 3, pp. 214- 
220, 1904-5. 
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interesting of the microorganisms concerned 
in this activity are those which reduce various 
salts of sulphurous and sulphuric acid and 
which are known to be widely distributed in 
nature. They live under anaerobic conditions 
and obtain oxygen, which they require for the 
oxidation of carbon within their cells, from 
sulphates, sulphites, and thiosulphates, with 
the result that these compounds are reduced to 
sulphides. Ferrous sulphide may thus be di- 
rectly formed by the reduction of iron sulphate. 

When sulphides of other metals, such as cal- 
cium or magnesium, are formed in an analo- 
gous manner, they may be further acted 
upon by carbon dioxide in the presence of 
water and changed to carbonates and hydro- 
gen sulphide. The hydrogen sulphide may 
then react on ferrous salts present in the water, 
especially ferrous bicarbonate, and precipitate 
ferrous sulphide. The equation for this reac- 
tion has already been given. 

Hydrogen sulphide is abundantly produced 
by the decay of sulphur-bearing proteins. The 
power to form hydrogen sulphide from pro- 
teins during decomposition is common to all pu- 
trefying bacteria, of which there are innumer- 
able varieties and which are abundant every- 
where. The precipitation of ferrous sulphide 
(FeS) through the activity of these organ- 
isms becomes merely a question of the presence 
of dead organic matter and of iron salts in 
solution. 

The reduction of sulphur to hydrogen sul- 
phide takes place in the presence of decompos- 
ing organic matter. It is probably due to sec- 
ondary processes that result from various re- 
actions which take place under these condi- 
tions. The hydrogen sulphide thus formed 
will precipitate ferrous sulphide from ferrous 
solutions which may be present. 

The production of hydrogen sulphide 
through the action of bacteria is important and 
widespread. 1 In the presence of abundant 
hydrogen sulphide in the water and the result- 
ant decrease of oxygen the higher organisms 
frequently disappear entirely and the organ- 
isms which thrive in abundance are infu- 
soria, radiolaria, oscillaria, diatoms, Chroococ- 
riband abundant bacteria such as sulphur bac- 
teria and various anaerobes. Of these the sul- 
phur bacteria are especially interesting, as they 

1 Omellanskl, W., op. cit, pp. 220-224, 1904-1906. 



oxidize hydrogen sulphide to free sulphur and 
sulphates and in this manner obtain energy 
for their life processes. This action is analo- 
gous to the oxidation of ferrous carbonate to 
ferric hydroxide by some iron thread bacteria. 
In the Weissowo salt sea in the Charkow 
government, Russia, Nadson found the follow- 
ing content of hydrogen sulphide per liter of 
water : * 

Content of hydrogen sulphide, in cubic centimeters per 
liter of water, from Weissatoo salt sea, Russia. 

Depth of 16 meters 5. 91 

Depth of 18 meters 88. 31 

Depth of 18.7 meters 184.96 

According to Lebedinzeff the Russian deep- 
sea expedition of 1891 found throughout the 
Black Sea at depths below 200 to 400 meters 
an increasing amount of hydrogen sulphide in 
solution. 2 

Content of hydrogen sulphide, in cubic centimeters 
per liter, of water from the Black Sea. 

Depth of 213 meters 0. 33 

Depth of 427 meters 2.22 

Depth of 2,026 meters 5. 55 

Depth of 2,528 meters (bottom) 6.55 

This high content of hydrogen sulphide is 
typical of the Black Sea and does not extend 
into the Sea of Marmora or the Mediterranean. 
Its presence is due to the action of anaerobic 
bacteria on organic matter in the presence of 
sulphates of the sea water. Sulphate and thio- 
sulphate reducers have also been found ' in 
Black Sea muds. According to Andrussow, 8 
the presence of hydrogen sulphide in the water 
of the Black Sea is due to the fact that on ac- 
count of the rapidly increasing density of the 
water with depth only the upper 170 meters 
have circulating currents, the rest being sta- 
tionary. This is not true of other seas where 
oxygen is carried to depths and the hydrogen 
sulphide formed is soon oxidized by sulphur 
bacteria to sulphates or reacts with iron salts 
present, causing the precipitation of ferrous 
sulphide. 

The precipitated ferrous sulphide usually 
does not form pure deposits but becomes more 

•Lebedinzeff, A., Soc. naturalistes Odessa Travaux, Band 
16, 1891. Cited by Omellanskl, W., op. clt. 

• Andrussow, N„ Acad. sci. St-P£tersbourg M4m., Band 
1, p. 1, 1894. Cited by Omellanskl, W., op. cit 
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or less mixed with fine clastic material and 
organic matter and forms a black mud. The 
black mud of the limans that occur along the 
shores of the Black Sea and elsewhere in 
southeastern Russia upon exposure to oxy- 
gen turns gray, due to the oxidation of ferrous 
sulphide, but upon being again covered with 
brine black spots appear and soon the whole 
mass becomes black, being again reduced to 
ferrous sulphide through the activity of or- 
ganisms which are able to live in concentrated 
salt solutions. These organisms liberate hy- 
drogen sulphide and also ammonia and amino 
bases. Under the influence of hydrogen sul- 
phide in alkaline solution ferrous sulphide is 
precipitated from the iron salts present as a 
black, colloidal, plastic, hydrous deposit, 
which impregnates the muddy mass of organic 
and clastic material. 

The gray oxidized liman mud when steri- 
lized keeps indefinitely. However, upon be- 
ing covered with water and reinoculated with 
fresh mud, with stream water, or with pure 
cultures of sulphate-reducing bacteria it again 
takes on a black color. This shows that living 
organisms are responsible for the reduction. 

It has been shown also that at the same time 
that hydrated ferrous sulphide gel separates 
out in muds silica gel frequently separates out 
and forms thin films (less than 4 micra in 
thickness) around finely divided particles of 
hydrated ferrous sulphide gel, thus producing 
minute grains. 1 The granular texture thus 
produced is often characteristic of ferrous sul- 
phide deposits. 
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